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bee circadian rhythms with the Beebox, an operant conditioning platform for nectar foraging 

insects”. Our paper uses an original method to measure insect feeding rhythms. Our protocol 

includes the delivery of small controlled amounts of syrup to bees with miniature peristaltic 

pumps. The pulsation of the pumps has been suppressed with a patented compensation 

algorithm. Our paper includes data in several light conditions to measure feeding rhythms. Our 

study is about behavioral neurosciences and concerns the modulation of behavior by 

environmental factors. That’s why we think our paper falls into the scope of P&B and we hope 

it will be considered as a potential paper to be published in the Journal. 
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HIGHLIGHTS 

 

 

 The BeeBox automatically records feeding time and occurrence in insects. 

 This reveals circadian rhythm in feeding in bees. 

 This rhythm is lost in animals kept in constant light. 

 Constant light also induces higher mortality. 

 

  

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



3 

 

ABSTRACT 
 

In honey bees, most studies of circadian rhythms involve a locomotion test performed in a 

small tube, a tunnel, or at the hive entrance. However, despite feeding playing an important role in 

honey bee health or fitness, no demonstration of circadian rhythm on feeding has been performed 

until recently. Here, we present the BeeBox, a new laboratory platform for bees based on the concept 

of the Skinner box, which dispenses discrete controlled amounts of food (sucrose syrup) following 

entrance into an artificial flower. We compared caged groups of bees in 12h-12h light/dark cycles, 

constant darkness and constant light and measured average hourly syrup consumption per living bee. 

Food intake was higher in constant light and lower in constant darkness; mortality increased in 

constant light. We observed rhythmic consumption with a period longer than 24h; this is maintained 

in darkness without environmental cues, but is damped in the constant light condition. The BeeBox 

offers many new research perspectives and numerous potential applications in the study of nectar 

foraging animals. 

 

 

Key-words: honey bees, Skinner box, feeding patterns, circadian rhythms, mortality assessment, 

operant conditioning 
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1. INTRODUCTION 
 

As many other species, honeybees are diurnal animals whose behavior and physiology are 

strongly affected by the cyclic dimension of their physical and biological environment. In many 

latitudes, the cyclic alternation of day and night has a strong impact on flower resources gathered by 

bees (mainly nectar and pollen), and flowers activity shows some kind of circadian rhythmicity [1]. 

For numerous flowers, nectar production and nectar sugar content depend on the time of the day [2–

8] with a peak observed in the morning for some flowers [9,10] and in the afternoon for others [11,12]. 

Moreover, some flowers also show opening and closing cycles [13] that limit the availability of nectar 

and pollen. When evolution takes place in such an environment involving plant-pollinator interactions 

and co-adaptation, temporal match between honeybees and flower traits can be expected [14–16]. 

Consequently, it is not surprising observing bees visiting flowers when nectar is at its highest level 

[12,17,18]. Two kinds of behavioral phenomena can be potentially involved in this kind of temporal 

match: spontaneous circadian rhythms and learning [19–21]. 

Circadian rhythms refer to an endogenous oscillation in a biological variable that last 

approximately 24 h [19,22,23]. Such a rhythm is not learned, but entrained by some environmental 

signal, also called “zeitgeber” [24], that can be, for example, light, temperature, or food availability 

[19,25]. Entrainment refers to an active mechanism that synchronizes the biological variable to the 

cyclic occurrence of the “zeitgeber” [26]. It is often assumed that such rhythms may procure a 

selective advantage with the anticipation of some predictable and cyclic environmental important 

events [15,16] such as availability of flower resources for honeybees. 

However, circadian rhythms are not the only mechanisms to adjust to time-dependent events. 

Learning allows anticipating periodic events, most often food [27]. Traditionally, temporal regulation 

has been studied by psychologists with pavlovian [28] or operant conditioning timing protocols [29], 

for example with single food items being presented at regular time intervals independently, or as a 

consequence, of some arbitrary response. Interval timing or temporal conditioning occurs if the 

animal anticipates the occurrence of the food event with no other cue than the time since the last food 

occurrence [30,31]. As demonstrated in vertebrates, circadian rhythms and temporal conditioning 

may involve a variety of physiological mechanisms [19,32,33] and may interact together [34]. Classic 

temporal conditioning involves seconds to minute intervals with time intervals initiated at any point 

of the day-night cycle [30] when circadian rhythm studies concern 24 h duration intervals. However, 

it has also been suggested that temporal regulation may happen over longer intervals in food-

anticipatory activities [30,35]. In these studies, the protocol combines a circadian and a timing 

dimension: food is available only at a fixed point of the day-night cycle [30,36] and then removed. 

Such protocols differ from pure interval timing studies because food is not presented after a given 
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delay but is only available during a for 2-4 hours period of time and [37]. The task may be a little bit 

more complex if the protocol includes also a spatial dimension, in a so-called time-place learning 

protocol where the location of a food item or a meal depends on the time of the day [38,39], with one 

or more, locations available [40,41]. 

When food is presented periodically with a period of 24h, learning and circadian rhythms are 

two potential candidates to explain periodic responding. In order to be a relevant adjustment to 

environmental conditions, a circadian rhythm must be entrained by food occurrence, which then act 

as a “zeitgeber”[42]. If animals develop temporally conditioned or food-anticipatory responses, then 

food may become an anticipated unconditioned stimulus [37,38]. Both mechanisms could act alone, 

or combine their effects. [39]. 

In bees, most studies on circadian rhythms involved a locomotion test. Such test is most often 

performed with a bee encaged in a small tube or a tunnel equipped with infrared sensors [43–47], 

performed with video tracking [48], or at the colony entrance [49–51]. Yet, locomotion is only an 

indirect measure of food gathering; rather, honeybee health and colony fitness are directly related to 

nectar consumption [52,53]. Unfortunately, while circadian rhythms in locomotion have been studied, 

very few tests have studied feeding rhythms [54]. Feeding opportunity has been sometimes 

manipulated in food-anticipatory or time-place learning protocols [18,45,49,55,56] but food 

consumption was not measured, and studying foraging rhythms with bees is a quite different problem 

than studying individual food consumption because, nectar gathering during foraging activity does 

not reflect metabolic activity. 

Yet, such links between feeding and rhythms seems to exist: for instance, female (but not 

male) flesh flies Sarcophaga crassipalpis exhibit an extended scotophase activity according to their 

nutrition (and their age), suggesting food intake can modulate circadian rhythm [57]. Similarly, food 

deprivation can alter sleeping patterns [58]. Such effects can be explained by an impact of food 

intakes on the gene expression balance that finely regulates circadian rhythms [59–61], such as 

cClock, period and timeless. Indeed, in the sandfly Lutzomyia longipalpis, a blood meal can 

downregulate period and timeless gene expression levels [59]. Moreover, food intake during foraging 

can lead to pesticide contamination (especially in pollinators like bees), which is known to affect 

rhythms too [62,63].  

Overall, these results point to the need for more studies on the rhythm of food intake in insects, 

or on the role of food in rhythm entrainment, especially in bees. The lack of feeding tests in honey 

bee rhythm research could reflect the lack of a proper technology to measure consumption in long 

periods. A protocol commonly used in feeding experiments involves small cages with nearly-

unlimited and easily accessible food, most often syrup (concentrated sucrose solution) stored in a 

feeder [64–66]. Mortality and food consumption are assessed punctually, most often daily, by 
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respectively manual counting of dead bees and weighting the feeder [67,68] or measuring the level 

of food inside a tube [69]. However, such manual protocols do not allow fine studying of circadian 

rhythms because there is the need to measure consumption repeatedly (i.e. hourly) during several 

consecutive days. Automated feeding-measurement protocols have become popular in others species 

and several approaches have been developed to assess circadian feeding rhythms and record 

consumption repeatedly during the long term [70]. One of them involves a Skinner box, where food 

is delivered in small quantity provided animals release a specific response [71–73]. With such a 

device, the animal has to emit repeatedly the response to get its daily food ration [74]. Unfortunately, 

while already used for short duration free flying experiments with bees [75], or lab experiments with 

flies [76], previously used tools are inadequate in laboratory setting. 

To fill this gap, we recently developed a new concept of laboratory Skinner box [54,77] able 

to deliver small controlled amounts of syrup to bees visiting an artificial flower. The box allows 

precise measures of food intake time and occurrence during several days. This paper follows three 

main objectives. First, we present our new automatized conditioning chamber, the “BeeBox”. Second, 

using this new tool and a “true” circadian protocol with continuous access to food, we explore feeding 

rhythms in honeybees and whether these rhythms can be modulated by light conditions. Finally, we 

discuss the potential applications of our platform to deepen the study of circadian rhythms and to 

explore other fields related to ecological, behavioral, physiological and ecotoxicological research in 

nectar foraging animals. 

 

2. MATERIAL AND METHOD 

2.1 Animals 

Experiment took place between April and June 2016 and later between end of September-

beginning of October at the Université de Picardie – Jules Verne, Amiens (France). Honey bees 

(Buckfast) were caught on one frame of a single 10-frames Dadant hive located in the apiary close to 

the laboratory early in the afternoon. The frame was extracted from the hive and then kept vertical on 

a table with the help of a wooden support. Bees were then collectively captured with 30ml sample 

plastic containers and quickly introduced in the BeeBox without anaesthesia with the help of the 

sliding cover (see apparatus section). Each BeeBox was then randomly assigned to one of the three 

treatments (see below). This procedure was preferred to catching leaving or returning foragers for 

two reasons. First, foragers are known to be older bees. To illustrate the interest of the BeeBox for 

long-term measurements, our experiment was planned for at least 10 days; thus, we wanted to limit 

natural mortality due to age, leading us to avoid foragers. Second, we had to fill chambers with several 

hundreds of bees and had only a short time to perform this task. The collective capture of bees with 
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several 30 ml plastic containers took only few minutes and it would have taken much more time to 

catch foragers one by one at the hive entrance. This protocol does not control the exact age of the 

bees, but increases the probability to work with young bees; it also minimizes handling and stress, 

and avoids anaesthesia. Furthermore, bees are randomly assigned to each treatment. We did not 

capture drones and bees with pollen balls because drones have a larger size that do not fit to the size 

of the flower diameter and pollen balls could be stored inside the response hole and block the 

dispensing needle (see Figure 1. A); moreover, pollen balls are carried by forager bees. Studying 

foragers would definitely be important, as it is known forager and non-foragers bees have differing 

circadian rhythms [78]. 

 

2.2 Apparatus 

The 12 identical BeeBox (overall dimensions: 20cm x 12cm x 25cm, L x l x h) were composed 

of three parts (Figure 1 and Figure 2). 

The bottom part included the printed circuit board, a peristaltic pump (6 rollers Kamoer KCS 

stepper motor peristaltic pump), a small OLED display (Adafruit Monochrome 0.96" 128x64 OLED 

graphic display, https://www.adafruit.com/product/326), a three push button keyboard, the on/off 

button, and a 40mm x 40mm fan. 
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Figure 1. A. Drawings of a sectional view of the artificial flower fixed on 

the floor of the bee chamber. The IR LED sensors are connected to the 

pump controller. If needed, it is possible to add a 16 RGB LED ring under 

the flower to color it from below. The silicone tubing connected to the 

needle is not shown. B. Front view of the bottom part of the conditioning 

box showing the pump and the silicone tubing. Orange labels are used to 

set the reference position. C. BeeBox with the top camera part lifted. After 

being captured in tubes in the hive, bees are set in this central part without 

anesthesia by fitting the tube in a circular hole in the top of the box, and 

then sliding it over the box to release them. The syrup (sucrose solution 

used to feed the bees) is stored in the red cap 30ml plastic bottle. 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



9 

 

The center part is the cage for the bees (20cm * 10cm * 9cm height). It had 32 3mm holes for 

ventilation and a transparent sliding cover. This cover allows to introduce awake bees from a standard 

30ml sample container without any risk of escape. The front and back face were in transparent 

polycarbonate for visual observation, and the side faces in opaque PVC. The floor of the bee cage 

was removable for cleaning. The main part of the conditioning chamber was a 46 mm diameter 

cylindrical polyamide artificial flower machined with a lathe and screwed in the centre of the floor. 

In the centre of the flower, we drilled a 6mm diameter/17 mm long hole (i.e. approximate size of a 

bee) with a standard 25G Luer needle (needle cut flush to the cone) glued in the bottom for syrup 

dispensing. The surface of the flower contained a small 2mm high rim serving as an obstacle to 

prevent any dead bee from falling inside the flower opening. 

 

Figure 2. A. Sample picture for mortality assessment during the 

light-ON condition. B. Sample picture for mortality assessment 

during the dark condition. In each case, a dead bee (circled with 

red) can be identified. The bright spot visible in the center of the 

flower (panel A and panel B) corresponds to light from the IR 

LED. C. Picture of the experimental setup for each of the three 

rooms (four BeeBoxes in each). Each control interface drives 

two separate conditioning chambers. 
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The top part of the BeeBox is a swivel cover (20cm * 12cm * 21cm) equipped with a sensor 

camera (PTC08 serial JPEG camera with NTSC video) for mortality measurement. The serial camera 

was driven by an Arduino Uno board improved with a real time clock and a SD card reader (Adafruit 

Data Logging shield for Arduino) and programmed to take a picture each hour and to store it on the 

SD card. The devices were powered with a set of six standard 12V DC power modules that could 

power each two different conditioning chambers. 

To get food, a honey bee had to enter in a vertical hole in the centre of the artificial flower; 

this entrance was detected with an IR Sensor (Figure 1A), which in turn triggered the release of food 

in a smooth and consistent way. These features correspond to the hallmarks of a Skinner box [75,79]: 

a well-defined behaviour (i.e., entrance in the tube) and a resource contingent to the production of 

this behaviour (food syrup, which is the reinforcement in the terminology of Skinner box protocol). 

It is also possible to add stimuli signalling the availability of the resource, such as light: a 16 RGB 

LED ring can be placed under the flower so that it is also possible to colour the flower from below 

and diffuse light into the polyamide disc. This allows to condition the food release to the presence of 

the appropriate visual background, but this was not used in the experiments reported here. Similarly, 

food could have been offered only during specific time [12,17,18], although this possibility was not 

used either in this work. The number of entrances required to release the food, as well as the dispensed 

amount of syrup, can also be controlled. This allows to control the effort required to obtain food; 

here, a single entrance was required. The BeeBox permits to continuously monitor food intake and 

mortality and controls the effort required to obtain food (i.e. the number of entrance) in a standardized 

way with reinforcement schedules, thus avoiding the need of experimenter’s intervention. The 

approximate cost are 250€ for the conditioning chamber, 150€ for the top camera part and 250€ for 

the control interface, which gives a total of 650 €. 

 

2.3 Syrup dispensing 

A major technical problem with delivering small amount of liquid food with a peristaltic pump 

is the pulsation that is characteristic to this kind of pump because they use several rollers pressing a 

silicone tubing. Each time a roller takes off from the tube, reverse pumping occurs, and the pump 

dispenses nothing. Depending on the pump, the “no distribution” phase of the pump can vary until 

30% to 45% of the total rotary cycle. Such problem prevents using this kind of pump to deliver with 

precision small discrete volumes of liquids (less than 1 µl). To solve it, we set a compensatory 

algorithm in the BeeBox controller working with stepper motor pumps. To measure and control the 

dispensed volume, we count the impulsions that are sent to the motor without counting impulsions 

when reverse pumping occurs [80]. Thus, initially the experiment pumps (Figure 1B) were manually 
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set to a reference angular position. The compensation amplitude was then measured empirically and 

depends on the pump and the tube properties. We used six rollers miniature pumps driven by a 200 

steps motor with 0.8mm internal diameter silicone tubing, and a P8X32A microcontroller to drive the 

pump, monitor the angular position and compensate the “no distribution” phase. With one stepper 

motor step, the pumps dispense about 0.25µl [81,82]. However, larger volumes can be obtained with 

the successive activation of the stepper motor. 

Our compensation algorithm paves the way for more applications using inexpensive peristaltic 

pumps to dispense small volumes of liquids and our device could be adapted to other species of nectar 

foraging animals like bumblebees [83], butterflies [84], moths [77,85], ants [86], or hummingbirds 

[87,88]. Moreover, even if the algorithm has been designed to dispense discrete amounts of syrup, 

the repeated activation of the stepper motor activated pump could also control low syrup flow rates 

[89]. 

To increase sample size in our experiment, we used cohorts of bees rather than single 

individuals. Testing individual bees would have generated a very low syrup flow with a risk of 

clogging the dispensing nozzle with dried syrup. Testing individual bees would need additional 

technical options to prevent this. 

 

2.4 Mortality and food intake measurement 

As there are several bees in each box, reporting mortality (or equivalently the remaining living 

bees) is a critical task to get meaningful measures of variations in syrup consumption. For that 

purpose, each conditioning chamber was equipped with an IR camera sensor which automatically 

took pictures each hour (Figure 2) and additional IR light was provided in the rooms with IR LED 

spots for darkness pictures. Mortality was assessed following a posteriori examination of pictures and 

counting of dead bees visible on the conditioning chamber floor (Figure 2). Dead bees were removed 

from the chambers every day, although mortality was assessed hourly. In the dark condition, the 

experimenters used a flashlight covered with a red paper. 

Food intake was assessed by measuring the cumulated volume dispensed by the pump each 

hour and divided it by the number of living bees assessed from the mortality measurement (Figure 

4B, Supplementary Figure S1). Being eusocial insects with a social crop, bees share food through 

trophallaxis; this assures all the animals within a box have approximately the same actual food 

storage. 

 

2.5 Experimental protocol 
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To demonstrate a circadian rhythm, we measured hourly mortality and food consumption as a 

function of background light: constant light, constant dark, and light-dark alternation (the control 

group). The underlying hypothesis was that bees constantly exposed to light would lose the well-

known circadian rhythm in food intake observed in constant dark and light-dark alternation, and 

possibly exhibit higher mortality [15,17,55,90–92]. 

Bees were set by cohorts of 24 or 25 animals in one of three treatments: constant dark (13 

cohorts, 324 bees), constant light (12 cohorts, 299 bees), or control (i.e. 12 h light 12 h dark, light 

starting at 08:00; 12 cohorts, 295 bees). A cohort in the constant light treatment and a cohort in the 

control treatment were not used in the food intake study, so that for this analysis there were 13 cohorts 

in the constant dark treatment, 11 cohorts in the constant light treatment and 11 cohorts in the control. 

Each cohort was kept in a single box and three identical rooms without windows were used to keep 

all the cohorts for each of the three treatments. The treatments were administered in parallel to 

different cohorts for 10 complete days (starting at 0 h; the experiment and the food dispensing 

protocol started immediately after filling of the chambers with bees, but data recording started only 

from midnight). For the dark condition, no artificial light was used and the slot under and around the 

door were carefully masked with cardboard and tape. We also did not use the light in the adjacent 

corridor that could enter the rooms when opening the door. The only source of light was the low 

intensity OLED screens of the chambers and the control units. For that reason, as darkness was not 

absolute, it would be more correct to talk about “very strongly dimmed light”. However, for 

convenience, we will continue to refer to this condition as the “dark” condition. In the light condition, 

the rooms were illuminated with two identical 36W, 4000 K neon tubes. 

In each experimental condition, the same continuous schedule of reinforcement was active, and 

the reinforcer was 2 µl of sucrose solution (50% weight/weight) dispensed following each visit of the 

flower (8 stepper motor impulsions). This small volume has been chosen to prevent accumulation of 

non-consumed syrup inside the flower. The solution was replaced each day. Experiment was done at 

room temperature and the average temperature oscillated between 22.2 and 23.5 °C. 

 

2.6 Data recording and processing 

The data recording and the control of the experimental process was performed by a DNA 

propeller microcontroller board (http://1mgh.com/wiki/Dna) enclosed in a separate case from the 

conditioning chambers. Each control interface was able to drive and record the data from two separate 

chambers. The controller included a color 1.4” 4D System µOLED-128-G2 display (128 pixels * 128 

pixels), a small four buttons keyboard (two per chamber) and a miniature joystick to select the 
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parameters of the experiment like reward amplitude (here, set at 2µl) or a fixed ratio for the 

reinforcement schedule (here, set at one entrance for getting one food delivery); there was no need to 

reprogram the microcontroller from the integrated developing environment [93]. When powered on, 

the controller displayed a menu with all the available options and protocols. When selected, the 

protocol was loaded from the controller SD card, stored inside the memory, and then started to control 

the experiment and record the data. During the experiment, the screen was showing the active 

parameters of the protocol, the number of responses, and the total amount of consumed solution. 

The data were recorded in a text format and each experimental or behavioural events was 

recorded with a date/time information. At the end of an experimental session, the experimenter could 

upload the data toward a PC with a USB wire. A specific software has been written with Lazarus 

(https://www.lazarus-ide.org) to process the raw data, measure mortality from pictures, and get 

response and feeding curves per living bee (Supplementary Figure 1). 

 

2.7 Statistical analysis 

Statistics were computed with R 4.3, setting the alpha risk at 5%. The Bee survival durationss of 

each bee were compared across treatments using a mixed-effects Cox regression [94], using the function 

coxme in R. The cohorts of bees were used as a random factor and; as not all cohorts were tested at the 

same time in the year, the day length (in minutes, computed fromcivil time for dawn and twilight) was 

takenused as an additional factor, .after confirming there was no colinearity between day duration and 

treatment (permutation ANOVA, p = 0.451).  The final cumulated sucrose consumption of bees was 

compared across the three groups using an ANOVA followed by Scheffe post-hoc test, after taking the 

logarithm of the data to reach variance equality. Again, day length was added as a covariate. . Moreover, 

the daily sugar consumption of bees follows a circadian rhythm, requiring a periodic modelling (possibly 

with a damping along the experiment, i.e. a progressive disappearance of the period). Thus, it was 

described for each group using a cyclic non-linear mixed model (package nlme in R). We used the 

following model: 

𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 = (𝐴 ∗ exp(𝛾𝑡) + 𝐵) ∗ (1 + cos ( 2𝜋
 𝑡 − 𝜙 

𝜏
)) +  (𝑎𝑡 +  𝑏) 

where t is the time (in hours), γ is the damping parameter, τ is the period (expected to be around 24h 

for circadian rhythm) and ϕ is the phase (time of the daily peak consumption); A (size of the daily peak), 

B, a and b are used to adjust the equation and offset the baseline. B, a and b where random factors used 

to take into account measure repetition within a given BeeBox and to offset any cohort effect; they are 

not associated to any testable coefficient. Before modelling, data were smoothed using a moving average 

with a window of 3 hours (i.e. each value at t was replace by the values averaged at t-1, t and t+1). R² is 
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not defined for this type of regression. However, we computed a R² between the fitted values and the 

observed data. 

 

3. RESULTS 

For all the cohorts, it took few minutes to observe the first bee visiting the flower and receiving 

the syrup. Once the first bee discovered the nectar source, it took even less time for the other bees to 

start responding, and the overall bee responding reach its asymptotic level during the next hours 

(supplementary Figure S1). 

 

 

Figure 3. A. Kaplan-Meier plot for the survival of the bees as a function of 

time. Each curve corresponds to one of the three treatments, and the shaded 

area around them are their 95% confidence intervals. Numbers in parenthesis 

are the sample size at the beginning of the experiment. ** denotes a significant 

difference in the survival of bees in the 3three groups (p < 0.010). B. 

Cumulated hourly food intake averaged per living bee. Each curve 

corresponds to one of the three treatments. The shaded area around each curve 

is the standard error of mean. * denotes a significant difference in the total 

cumulated food intake in the 3threeconstant light and constant dark groups (p 

< .0550).  
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3.1 Mortality 

Bees in the control group had a 81.0% survival rate after 10 days (bootstrap-computed 95% 

confidence interval: 76.6% : 85.4%). Keeping bees in constant darkness slightly improved the survival 

rate (87.3%, confidence interval 83.6% : 90.7%), but the difference was not significant (Cox 

regression: p = 0.395, Figure 3A). By contrast, bees kept in constant light had a significantly lower 

mortality survival rate increase of 7867.2% (confidence interval: 61,9% : 72,6%, Cox regression: p = 

0.004, Figure 3A). compared to the control bees (Figure 3A; Cox regression, p = 0.025, value of 

exp(coefficient) is 1.78 and 95% confidence interval is [1.08:2.93], i.e. an increase of 8% to 193%). 

By contrast, bees kept in constant darkness died half often as in the control group Cox regression, p 

= 0.013, value of exp(coefficient) is 0.49 and 95% confidence interval is [0.28:0.86], i.e. 28% to 

86%). Thus, being kept in constant light has a deleterious effect on bees’ survival, whereas darkness 

improves it.Interestingly, day duration significantly decreased survival in the control group (Cox 

Regression: risk was 1.0056, significantly greater than 1, p = 0.004), indicating season modulate 

survival; bees kept in constant darkness were affected the same way (interaction in Cox Regression: 

p = 0.419). By contrast, this effect was compensated for bees kept in constant light (interaction in 

Cox Regression: risk was 0.9926, significantly lower than 1, p = 0.010), suggesting preliminary 

experience with daylight becomes irrelevant when bees are constantly exposed to light. 

 

 

3.2 Food intake 

We observed a greater food intake in animals constantly exposed to light, whereas individuals 

constantly kept in the dark had a lower food intake. The final cumulated food intake differed 

significantly between the three groups (Figure 3B; ANOVA, F2, 29 = 9.598, p = 0.0006), due to a 

difference between the light and the dark group (Scheffe post-hoc test, p = 0.028; for other 

comparisons, p ≥ 0.352). Furthermore, day duration significantly affected food intake (ANOVA, F1, 

29 = 45.378, p < 0.0001); outside day duration increased food intake, indicating seasonal effect. This 

probably reflects indirect preliminary experience of the bees. Importantly, there was no interaction 

between day duration and treatment (ANOVA, F2, 29 = 1.251, p = 0.301), indicating these factors act 

independently. Curves also reveals daily oscillations in cumulated consumption, which suggest an 

ordered variation in feeding patterns that may reflect a circadian rhythm. Thus, the analysis was 

completed by exploring the same data but non-cumulated.The final cumulated food intake differed 

significantly between the three groups (Figure 3B; ANOVA on log-transformed data, F2, 32 = 3.995, 

p = 0.028), due to a difference between the light and the dark group (Scheffe post-hoc test, p = 0.028, 

for other comparisons, p ≥ 0.352). A closer look at the curves reveals daily oscillations in cumulated 
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consumption, which suggest an ordered variation in feeding patterns that may reflect a circadian 

rhythm. Thus, the analysis was completed by exploring the same data but non-cumulated. 

 

3.3 Feeding patterns 

Animals reared in constant light initially displayed an activity cycle with feeding occurring 

mainly during the initial subjective day period, but this cycle was damped after a few days (Figure 

4A and supplementary Figures S2 and S3). By contrast, control animals (Figure 4B and 

supplementary Figure S2) or animals reared in constant dark (Figure 4C and supplementary Figure 

S2) kept their initial rhythm. Hourly food intake in each group was modelled with the nlme R function; 

details of the model parameters are in Supplementary Table 1. Each of the three models yielded very 

significant R² (control, R² = 0.59; constant darkness, R² = 0.58; constant light, R² = 0.36; p ≈ 0) and 

fitted the data well (dashed red line in Figure 4). This confirms the models were adequately describing 

the 8400 measures (35 cohorts for 10 days of 24 hours). The light group displayed a damping 

coefficient γ significantly different from 0 (γ = -0.0068 ± 0.0004, p < 0.001) but not the control group 

(γ = -0.0001 ± 0.0002, p = 0.623). The group held in constant darkness did have a modest but 

significant damping, but it was much less important and not evident in Figure 4C (γ = -0.0006 ± 

0.0002, p = 0.009), suggesting the absence of light only has a limited effect on food intake rhythms, 

whereas these are strongly affected by constant light. Consistently, the phases ϕ (peak consumption 

time) in control and constant darkness groups were very close (14.92 ± 0.13h and 14.78 ± 0.12h, 

respectively), as were their periods τ (24.17 ± 0.03h and 24.26 ± 0.02h, respectively). By contrast, as 

expected for the group held in constant light, both phase (15.80 ± 0.17h) and period (25.62 ± 0.07) 

were modified. Finally, consistent with result in Figure 3B, consummation peak (A in the model) was 

higher than control in the group held in constant light (3.07 ± 0.09 versus 1.63 ± 0.14), whereas in 

the constant darkness group it was slightly smaller (1.36 ± 0.07). 
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Figure 4. Hourly food intake averaged per living bee in the three 

conditions: constant light (A), control group (B) and constant dark (C). 
Data are the same as in Figure 4B, but not cumulated. Area in yellow or blue 

indicates periods of light and darkness, respectively. The shaded area around 

each curve is standard error of mean. Dashed red line is the fitted model. The 

time reported is the time elapsed since the onset of the experiment 
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4. DISCUSSION 

Circadian rhythms of food intake in the BeeBox 

In our experiments, we observed that the overall food consumption and mortality were linked 

to the photic environment: both were higher during the constant light condition and lower in constant 

darkness condition. Because we used identical rooms, experimental conditions running in parallel, 

and the same bee selection process, our results cannot be explained by particular bee characteristics 

or differential conditions; the effect of day duration at the time of each experiment was taken into 

account in analyses, allowing to dissociate them from the treatments. In our experiment, we measured 

a daily consumption between 35 and 50 µl per day per bee depending on the experimental condition. 

This level is comparable to the consumption observed with free available syrup dispensed with a 

feeder [98,99] and measured with the daily weighting of the feeder. This fact suggests that our feeding 

protocol (dispensing 2µl of syrup for each single flower visit) is comparable to a free feeding 

condition, i.e. feeding at a little of no cost [74]. 

Rhythmic consumption with a period longer than 24h has been observed and is largely 

maintained in a free run darkness test without environmental cues. To our knowledge, it is the first 

direct measure of circadian rhythms on food consumption in bees. Previous work has already used 

bees visiting feeders [18,45,49,55,56]; however, these studies did not measure food consumption but 

foraging intensity with locomotion or choice tests. As syrup gathered during foraging is not consumed 

directly but discharged and stored in the colony, syrup foraging do not reflect individual nutrition. 

Moreover, these studies limited the daily access to food to a short period of time. As in our protocol 

food was continuously available, we can exclude interpreting our results in terms of learning of time-

dependent availability or as temporal control of behavior. 

The level of consumption in the constant darkness condition demonstrates that even in dark, 

bees did not have problem to find the food source in the BeeBox. As a result, their failure to find the 

flower due to darkness is unlikely to explain differences between conditions. This conclusion is not 

surprising if we consider the relative darkness that is the rule for young bees in natural hives. Animals 

in constant darkness ate less and survived moreat least as much as control; they were probably less 

stressed. The causes of this survival increase are not clear. One possible explanation could be the 

positive impact of liLimited food intake might affecton bee longevity. H; however, while the positive 

impact of caloric restriction has been demonstrated in a lot of species [100], such link is still discussed 

in drosophila [101,102,102] and bees [103–105], for which sometimes opposing conclusions have 

been reached. 

By contrast, in groups held in constant light the increased food consumption and mortality 

seem to be linked to increased locomotor activity [43–46]. Increased mortality has already been 
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observed in constant light in drosophila [106,107]. It is possible that mortality could result directly 

from phototoxic damage: the insects could die from the direct action of light [108], with no relation 

to rhythms or locomotion. This kind of phenomenon could contribute to the longer life expectancy of 

winter honey bees, which spend several months in the hive. This is also consistent with our 

observation that having preliminary experience with longer day durations also decreases survival (but 

not in the constant light group, were light exposure is saturating anyway); as we worked with young 

bees (which do not leave the hive), this experience might be indirect (i.e. through interactions with 

older, forager bees). The breakdown of the circadian rhythm could also be involved in increased 

mortality, although this is not the case in other insects [106]. Increased death could also occur because 

bees are more active possibly inducing a stress caused by lack of rest [109] or possibly because 

increased eating induces increased oxidative stress. However, our data does not permit to select one 

hypothesis and would require additional physiological investigation, which could be performed using 

the BeeBox. 

We used young bees in our experiments; even in constant darkness young nurse bees display 

circadian rhythms in their locomotor activity, but they do not when they care for the brood in the 

presence of a light/dark cycle [110]. This indicates light has complex effects on rhythmic behaviours; 

what we observed with food intake is in line with their locomotor activity rather than with their brood 

caring, although the model did detect a modest damping. Contrary to drosophila's, hymenoptera's 

genome does not include the Timeless gene [111]. The timeless protein is destroyed by light, resulting 

in clock entraining. By contrast, the absence of this protein in bees prevents light to directly reset the 

clock; in general, in young bees, there is little oscillation of clock genes, even in regular light/dark 

cycle. [110]. This would explain why a rhythm in food intake can exist whether or not light is present 

(i.e. in control and constant darkness groups). By contrast, eExcessive light would still alter the 

rhythm, probably due to a phototoxic stress as discussed above. This results in a damping of the 

rhythm as well as a drift of the period and the phase, which our models found to be similar across the 

treatments. The observed damping contrasts with Fuchikawa & Shimizu [112] who did not observed 

damping in the same light condition. However, contrary to our study where bees where exposed to 

the constant light condition during ten days, Fuchikawa & Shimizu exposed bees to light during only 

five days after five days of dark-light alternation. It is difficult to determine whether the damping 

observed in our experiment would have disappeared if the experiment had been preceded by a dark-

light alternation condition, or if a prolonged exposure to light would have damped Fuchikawa & 

Shimizu’s cycles. As we used Apis mellifera and Fuchikawa & Shimizu worked with Apis cerana, it 

is also possible that different bee species show different rhythms patterns. 

The overall damping effect could result either from a general damping observed in most bees 

or to a loss of synchronization between bees with a variable shift of individual phase. As social contact 
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is well known to activate rhythm synchronization between bees [43,50,113], the latter hypothesis is 

unlikely. Because all the experimental conditions were carried at the same time, and all bees from the 

same colony were randomly affected to these conditions, we cannot explain our results with bee 

characteristics or environmental variations. Bees are known to exchange food through trophallaxis 

[114], so that caged bees do not show a uniform food consumption [115]. Preliminary observations 

we did before the experiment using marked bees also showed that some bees were highly active in 

the flower while others were waiting food transfers. As trophallactic exchanges are common in natural 

colonies, food exchanges in our cages can be seen as reflecting a natural phenomenon observed in 

bees living in groups [116,117]. Thus, our observation of circadian rhythm on food consumption only 

applies at the group level. The free run test performed in the dark suggests some kind of rhythm 

synchronization among active bees. This kind of synchronization is not surprising in social animals 

and has been previously observed in numerous species including bees [50,118–121]. Yet, 

investigating feeding rhythms at the individual level would still be interesting; this kind of protocol 

would require an improved version of the BeeBox. 

Here, we studied how photic-regulated circadian rhythms modulate food intake, but food itself 

could be a rhythm regulator. The BeeBox could also be used to study food anticipatory activities with 

food available only during a short period of time each day, which gives the opportunity to study the 

use of periodic food as a “zeitgeber”. With limited period of food availability initiated at any point of 

the day-night cycle, timing could also be investigated, as well as fixed interval schedules of 

reinforcement (i.e. food is unavailable for some time after feeding) [122]. Finally, a two-flowers 

conditioning chamber would permit to investigate time-place learning, for example, with one flower 

active at one time in the day, and the other one at another time. All these protocols fit perfectly within 

the possibilities of the BeeBox, provided the adequate software is added to the microcontroller board. 

 

Advantages, limitations, and potential uses of the BeeBox 

In addition to making it possible to show circadian feeding patterns, the BeeBox includes 

several features that greatly improve the standard feeding protocol that uses caged bees with free 

access to artificial nectar. First, the particular shape of the sliding cover makes it possible to introduce 

bees without anaesthesia (Figure 1C). As it is known that the anaesthesia done with cold or carbon 

dioxide may affect honey bees [123,124], removing anaesthesia from the protocol is an interesting 

improvement. Second, with our device, mortality is assessed hourly, even during darkness, with 

automatic pictures that do not need the presence of an observer. When mortality is low, sampling rate 

is not critical, but with high and fast mortality following a pesticide treatment, for example, a finer 

resolution for mortality assessment would be useful [125]. Our device offers this possibility, and 

assessment time shorter than 1 hour would be possible too; we can even hypothesize a circadian 
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mortality in bee colonies [126]. Third, contrary to the standard bee cage device, our protocol is 100% 

automatized and there is no need to involve the experimenter (except when refilling food reserve). 

Apart during the introduction of the bees in the chamber, there is also no interaction between the 

experimenter and the bees. Developing automated tools that minimize the role of the experimenter is 

an important step toward the standardization of protocols [127] and the reproducibility of results 

[128]. Finally, with the same device and protocol, it is possible to simultaneously measure mortality, 

food consumption, and circadian rhythms in integrated experiments [44,66]. 

The BeeBox provides many advantages but has some limitations too. Contrary to other studies 

[129,130], our IR sensor detects bee entering flowers rather than proboscis extension [75]. This choice 

has been made to request a substantial energy expense from the bee for each response. Yet, it would 

be possible for some bees to activate syrup dispensing without consuming it (by entering the flower 

without drinking) so that the measure of consumption based on dispensed volumes would give 

overestimated values. To avoid this problem, we dispensed only 2µl drops of syrup. This volume has 

been empirically defined in such a way that it prevented syrup accumulation in the flower during 

successive visits. 

Operant conditioning is a well-known form of learning [131,132] during which the occurrence 

of a behaviour is modulated by its outcome [132,133]. In the BeeBox, the trained response is flower 

or tube entrance while syrup acts as a reinforcer of this response. But as the syrup is given at the 

bottom of the tube, the reinforced response somewhat overlaps the syrup consumption response. 

Moreover, the stimuli associated with the operant response and with the reward are spatially 

combined. In pigeon, this protocol would be similar to reinforce with grain the introduction of the 

head inside the feeder instead of pecking a key [134]; this is also similar to nose poking conditioning 

in rodents [135]. Consequently, our protocol could perhaps result in a mix of sign tracking and goal 

tracking [136], the latter being Pavlovian conditioning rather than operant conditioning. As cues and 

rewards are also simultaneously presented in natural flowers, with which naturael selection has 

operated, the question of how the two types of conditioning interact in natural or artificial flowers 

could also be explored with the BeeBox in a cognitive ecology investigation. Many protocols could 

also be envisioned to manipulate the syrup properties (sucrose concentration or composition) in 

simple flower or choice tests [68] to study the feeding strategies or nutrient choice [137,138]. Thus, 

the BeeBox will provide a very useful experimental set-up to perform this type of laboratory study, 

and also probably many others. 

In addition to studies having the goal to understand the basic determinants of bee behaviour 

[139], our BeeBox platform could also be used in numerous applications related to several scientific 

fields. For example, our conditioning chambers could offer an improved alternative to the standard 

bee cage protocol [66,98,140] in the assessment of pesticide toxicity. Our results question the choice 
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of conducting such tests only in the dark conditions, as this generates the lowest level of mortality 

and food consumption [140]. This fact may be also problematic in chronic toxicity assessment 

because in darkness, the bees would consume the smallest dose of the tested pesticide at the end of 

the test. All this suggests that the LD50 (median lethal dose) and/or the LC50 (median lethal 

concentration) may be poorly measured in a number of conditions based on an arbitrary protocol 

choice, leading to inappropriate conclusions about the pesticide toxicity. The repeated and chronic 

consumption of pesticides could be investigated by adding a known concentration of pesticide in the 

syrup tank and running the experiment during a couple of weeks [98]. It would also be easy to define 

a nutritional stress [98], either by limiting reinforcer amplitude, or by increasing the amount of flower 

entrance required to get food (fixed-ratio reinforcement schedule); this would simulate nectar 

depletion of the environment. 
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Supplementary Figure S1. Two samples (left and right) of cumulative curves for 

two groups of bees. Each level corresponds to 24h of experiment. The vertical axis 

shows cumulative responses with a reset each time the response number exceeds the 

vertical amplitude axis. These curves are directly drawn by the data analysis software 

during the experiment. 
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Supplementary Figure S2. Average actogram for all the conditions and bees of the 

experiment. The time reported is the time elapsed since the onset of the experiment. Gray 

areas show darkness intervals. Similar to figure 3, we can see rhythmic consumption with a 

maximum during the light period for the control (D-L cycle) and the always dark (D-D cycle) 

conditions. Damping of oscillations is detectable in the always light condition (L-L cycle). 
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Supplementary Figure S3. Single cohort data in the L-L condition. For comparison, the 

average data is also shown on each graphic. The vertical lines are separations between successive days. 
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Supplementary Table 1 

 
 Estimated values p-value 

γ (damping) for control -0.0001 ± 0.0002  0.623 

γ for constant dark -0.0006 ± 0.0002 0.009 

γ for constant light -0.0068 ± 0.0004 < 0.001 

   

A (peak amplitude, in µl) for control 1.63 ± 0.14  < 0.001 

A for constant dark 1.36 ± 0.07 < 0.001 

A for constant light 3.07 ± 0.09 < 0.001 

   

ϕ (phase, in hour) for control 14.92 ± 0.13  < 0.001 

ϕ for constant dark 14.78 ± 0.12 < 0.001 

ϕ for constant light 15.80 ± 0.17 < 0.001 

   

τ (period, in hour) for control 24.17 ± 0.03  < 0.001 

τ for constant dark 24.26 ± 0.02 < 0.001 

τ for constant light 25.62 ± 0.07 < 0.001 

 

The p-value test the null hypothesis that the coefficient is equal to zero. 

Values are provided with their standard error. 
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Response to reviewers 

 

Reviewer #1: I appreciate the authors' efforts to address my concerns. Most of my concerns 

have been addressed properly. One unaddressed concern is how the authors averaged 

multiple cohorts of data conducted between April and June not being clearly stated. 

Specifically, in Figure 4 A and C, Figure S2 D-D and LL, what actual times do the time of day 

(y-axis) represent? Obviously, data is plotted relative to the LD cycle for the LD group, but 

how do the authors adjust time in multiple cohorts of experiments done under different day 

lengths? Was the middle of the day centered, plotted relative to sunrise time or relative to 

local time (if so how was daylight saving time adjusted)? 

When checking the data a last time, the first author realized he did a mistake when reporting 

when the experiment took place. The initial statement was that the experiment took place 

between April and June. The correct information is “Experiment took place between April 

and June 2016 and later between end of September-beginning of October”. The first author 

sincerely apologizes for his error.  

In the Figures, the time reported is the time elapsed since the onset of the experiment. As 

stated in the article, recording started at midnight (0h00) in all cases, so that all the plots are 

aligned with this starting point. We understand the reviewer is concerned by the day light 

duration outside of the laboratory, which is dependent upon the time of the year at which the 

experiments were performed. We did not adjust the time on the plot to reflect this, as the 

point of the plot is to compare aligned data, and because what an appropriate adjustment 

should be is not clear anyway. Rather, we complemented our analysis by adding as a factor 

the day duration (in minutes) at the time of bee collection, as obtain from Almanac for 

computer 1990 (Nautical almanac office, United State naval observatory, Washington D). 

This revealed new effect complementing what we already reported, so this was definitely a 

good suggestion. The text was modified accordingly (2.7 Statistical analysis; 3.1 Mortality 

results; 3.2 food intake results; 4. Discussion - Circadian rhythms of food intake in the 

BeeBox); however, the plots were left unchanged, as this is not the point of the article and 

the experiments were not designed for completely exploring this factor. 

 

 

 

 

P5 line 42-43, Clock (italic) should be clock (italic) as insect genes normally use lowercase 

with italics. 

Response to Reviewers
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Done 

 

P5 line 1, Delete the period before The 

Done 

 

P18, line 15, change weighting to weighing 

Done 

 

P20, line 1, change other to others 

Done 

 

P21, line 33, change naturel to natural 

Done 

 

P22, line 2, change week to weeks 

Done 
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HIGHLIGHTS 

 

 

 The BeeBox automatically records feeding time and occurrence in insects. 

 This reveals circadian rhythm in feeding in bees. 

 This rhythm is lost in animals kept in constant light. 

 Constant light also induces higher mortality. 
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HIGHLIGHTS 

 

 

 The BeeBox automatically records feeding time and occurrence in insects. 

 This reveals circadian rhythm in feeding in bees. 

 This rhythm is lost in animals kept in constant light. 

 Constant light also induces higher mortality. 
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ABSTRACT 
 

In honey bees, most studies of circadian rhythms involve a locomotion test performed in a 

small tube, a tunnel, or at the hive entrance. However, despite feeding playing an important role in 

honey bee health or fitness, no demonstration of circadian rhythm on feeding has been performed 

until recently. Here, we present the BeeBox, a new laboratory platform for bees based on the concept 

of the Skinner box, which dispenses discrete controlled amounts of food (sucrose syrup) following 

entrance into an artificial flower. We compared caged groups of bees in 12h-12h light/dark cycles, 

constant darkness and constant light and measured average hourly syrup consumption per living bee. 

Food intake was higher in constant light and lower in constant darkness; mortality increased in 

constant light. We observed rhythmic consumption with a period longer than 24h; this is maintained 

in darkness without environmental cues, but is damped in the constant light condition. The BeeBox 

offers many new research perspectives and numerous potential applications in the study of nectar 

foraging animals. 

 

 

Key-words: honey bees, Skinner box, feeding patterns, circadian rhythms, mortality assessment, 

operant conditioning 
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1. INTRODUCTION 
 

As many other species, honeybees are diurnal animals whose behavior and physiology are 

strongly affected by the cyclic dimension of their physical and biological environment. In many 

latitudes, the cyclic alternation of day and night has a strong impact on flower resources gathered by 

bees (mainly nectar and pollen), and flowers activity shows some kind of circadian rhythmicity [1]. 

For numerous flowers, nectar production and nectar sugar content depend on the time of the day [2–

8] with a peak observed in the morning for some flowers [9,10] and in the afternoon for others [11,12]. 

Moreover, some flowers also show opening and closing cycles [13] that limit the availability of nectar 

and pollen. When evolution takes place in such an environment involving plant-pollinator interactions 

and co-adaptation, temporal match between honeybees and flower traits can be expected [14–16]. 

Consequently, it is not surprising observing bees visiting flowers when nectar is at its highest level 

[12,17,18]. Two kinds of behavioral phenomena can be potentially involved in this kind of temporal 

match: spontaneous circadian rhythms and learning [19–21]. 

Circadian rhythms refer to an endogenous oscillation in a biological variable that last 

approximately 24 h [19,22,23]. Such a rhythm is not learned, but entrained by some environmental 

signal, also called “zeitgeber” [24], that can be, for example, light, temperature, or food availability 

[19,25]. Entrainment refers to an active mechanism that synchronizes the biological variable to the 

cyclic occurrence of the “zeitgeber” [26]. It is often assumed that such rhythms may procure a 

selective advantage with the anticipation of some predictable and cyclic environmental important 

events [15,16] such as availability of flower resources for honeybees. 

However, circadian rhythms are not the only mechanisms to adjust to time-dependent events. 

Learning allows anticipating periodic events, most often food [27]. Traditionally, temporal regulation 

has been studied by psychologists with pavlovian [28] or operant conditioning timing protocols [29], 

for example with single food items being presented at regular time intervals independently, or as a 

consequence, of some arbitrary response. Interval timing or temporal conditioning occurs if the 

animal anticipates the occurrence of the food event with no other cue than the time since the last food 

occurrence [30,31]. As demonstrated in vertebrates, circadian rhythms and temporal conditioning 

may involve a variety of physiological mechanisms [19,32,33] and may interact together [34]. Classic 

temporal conditioning involves seconds to minute intervals with time intervals initiated at any point 

of the day-night cycle [30] when circadian rhythm studies concern 24 h duration intervals. However, 

it has also been suggested that temporal regulation may happen over longer intervals in food-

anticipatory activities [30,35]. In these studies, the protocol combines a circadian and a timing 

dimension: food is available only at a fixed point of the day-night cycle [30,36] and then removed. 

Such protocols differ from pure interval timing studies because food is not presented after a given 
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delay but is only available  for 2-4 hours [37]. The task may be a little bit more complex if the protocol 

includes also a spatial dimension, in a so-called time-place learning protocol where the location of a 

food item or a meal depends on the time of the day [38,39], with one or more, locations available 

[40,41]. 

When food is presented periodically with a period of 24h, learning and circadian rhythms are 

two potential candidates to explain periodic responding. In order to be a relevant adjustment to 

environmental conditions, a circadian rhythm must be entrained by food occurrence, which then act 

as a “zeitgeber”[42]. If animals develop temporally conditioned or food-anticipatory responses, then 

food may become an anticipated unconditioned stimulus [37,38]. Both mechanisms could act alone, 

or combine their effects. [39]. 

In bees, most studies on circadian rhythms involved a locomotion test. Such test is most often 

performed with a bee encaged in a small tube or a tunnel equipped with infrared sensors [43–47], 

performed with video tracking [48], or at the colony entrance [49–51]. Yet, locomotion is only an 

indirect measure of food gathering; rather, honeybee health and colony fitness are directly related to 

nectar consumption [52,53]. Unfortunately, while circadian rhythms in locomotion have been studied, 

very few tests have studied feeding rhythms [54]. Feeding opportunity has been sometimes 

manipulated in food-anticipatory or time-place learning protocols [18,45,49,55,56] but food 

consumption was not measured, and studying foraging rhythms with bees is a quite different problem 

than studying individual food consumption because, nectar gathering during foraging activity does 

not reflect metabolic activity. 

Yet, such links between feeding and rhythms seems to exist: for instance, female (but not 

male) flesh flies Sarcophaga crassipalpis exhibit an extended scotophase activity according to their 

nutrition (and their age), suggesting food intake can modulate circadian rhythm [57]. Similarly, food 

deprivation can alter sleeping patterns [58]. Such effects can be explained by an impact of food 

intakes on the gene expression balance that finely regulates circadian rhythms [59–61], such as clock, 

period and timeless. Indeed, in the sandfly Lutzomyia longipalpis, a blood meal can downregulate 

period and timeless gene expression levels [59]. Moreover, food intake during foraging can lead to 

pesticide contamination (especially in pollinators like bees), which is known to affect rhythms too 

[62,63].  

Overall, these results point to the need for more studies on the rhythm of food intake in insects, 

or on the role of food in rhythm entrainment, especially in bees. The lack of feeding tests in honey 

bee rhythm research could reflect the lack of a proper technology to measure consumption in long 

periods. A protocol commonly used in feeding experiments involves small cages with nearly-

unlimited and easily accessible food, most often syrup (concentrated sucrose solution) stored in a 

feeder [64–66]. Mortality and food consumption are assessed punctually, most often daily, by 
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respectively manual counting of dead bees and weighing the feeder [67,68] or measuring the level of 

food inside a tube [69]. However, such manual protocols do not allow fine studying of circadian 

rhythms because there is the need to measure consumption repeatedly (i.e. hourly) during several 

consecutive days. Automated feeding-measurement protocols have become popular in others species 

and several approaches have been developed to assess circadian feeding rhythms and record 

consumption repeatedly during the long term [70]. One of them involves a Skinner box, where food 

is delivered in small quantity provided animals release a specific response [71–73]. With such a 

device, the animal has to emit repeatedly the response to get its daily food ration [74]. Unfortunately, 

while already used for short duration free flying experiments with bees [75], or lab experiments with 

flies [76], previously used tools are inadequate in laboratory setting. 

To fill this gap, we recently developed a new concept of laboratory Skinner box [54,77] able 

to deliver small controlled amounts of syrup to bees visiting an artificial flower. The box allows 

precise measures of food intake time and occurrence during several days. This paper follows three 

main objectives. First, we present our new automatized conditioning chamber, the “BeeBox”. Second, 

using this new tool and a “true” circadian protocol with continuous access to food, we explore feeding 

rhythms in honeybees and whether these rhythms can be modulated by light conditions. Finally, we 

discuss the potential applications of our platform to deepen the study of circadian rhythms and to 

explore other fields related to ecological, behavioral, physiological and ecotoxicological research in 

nectar foraging animals. 

 

2. MATERIAL AND METHOD 

2.1 Animals 

Experiment took place between April and June 2016 and later between end of September-

beginning of October at the Université de Picardie – Jules Verne, Amiens (France). Honey bees 

(Buckfast) were caught on one frame of a single 10-frames Dadant hive located in the apiary close to 

the laboratory early in the afternoon. The frame was extracted from the hive and then kept vertical on 

a table with the help of a wooden support. Bees were then collectively captured with 30ml sample 

plastic containers and quickly introduced in the BeeBox without anaesthesia with the help of the 

sliding cover (see apparatus section). Each BeeBox was then randomly assigned to one of the three 

treatments (see below). This procedure was preferred to catching leaving or returning foragers for 

two reasons. First, foragers are known to be older bees. To illustrate the interest of the BeeBox for 

long-term measurements, our experiment was planned for at least 10 days; thus, we wanted to limit 

natural mortality due to age, leading us to avoid foragers. Second, we had to fill chambers with several 

hundreds of bees and had only a short time to perform this task. The collective capture of bees with 
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several 30 ml plastic containers took only few minutes and it would have taken much more time to 

catch foragers one by one at the hive entrance. This protocol does not control the exact age of the 

bees, but increases the probability to work with young bees; it also minimizes handling and stress, 

and avoids anaesthesia. Furthermore, bees are randomly assigned to each treatment. We did not 

capture drones and bees with pollen balls because drones have a larger size that do not fit to the size 

of the flower diameter and pollen balls could be stored inside the response hole and block the 

dispensing needle (see Figure 1. A); moreover, pollen balls are carried by forager bees. Studying 

foragers would definitely be important, as it is known forager and non-foragers bees have differing 

circadian rhythms [78]. 

 

2.2 Apparatus 

The 12 identical BeeBox (overall dimensions: 20cm x 12cm x 25cm, L x l x h) were composed 

of three parts (Figure 1 and Figure 2). 

The bottom part included the printed circuit board, a peristaltic pump (6 rollers Kamoer KCS 

stepper motor peristaltic pump), a small OLED display (Adafruit Monochrome 0.96" 128x64 OLED 

graphic display, https://www.adafruit.com/product/326), a three push button keyboard, the on/off 

button, and a 40mm x 40mm fan. 
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Figure 1. A. Drawings of a sectional view of the artificial flower fixed on 

the floor of the bee chamber. The IR LED sensors are connected to the 

pump controller. If needed, it is possible to add a 16 RGB LED ring under 

the flower to color it from below. The silicone tubing connected to the 

needle is not shown. B. Front view of the bottom part of the conditioning 

box showing the pump and the silicone tubing. Orange labels are used to 

set the reference position. C. BeeBox with the top camera part lifted. After 

being captured in tubes in the hive, bees are set in this central part without 

anesthesia by fitting the tube in a circular hole in the top of the box, and 

then sliding it over the box to release them. The syrup (sucrose solution 

used to feed the bees) is stored in the red cap 30ml plastic bottle. 
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The center part is the cage for the bees (20cm * 10cm * 9cm height). It had 32 3mm holes for 

ventilation and a transparent sliding cover. This cover allows to introduce awake bees from a standard 

30ml sample container without any risk of escape. The front and back face were in transparent 

polycarbonate for visual observation, and the side faces in opaque PVC. The floor of the bee cage 

was removable for cleaning. The main part of the conditioning chamber was a 46 mm diameter 

cylindrical polyamide artificial flower machined with a lathe and screwed in the centre of the floor. 

In the centre of the flower, we drilled a 6mm diameter/17 mm long hole (i.e. approximate size of a 

bee) with a standard 25G Luer needle (needle cut flush to the cone) glued in the bottom for syrup 

dispensing. The surface of the flower contained a small 2mm high rim serving as an obstacle to 

prevent any dead bee from falling inside the flower opening. 

 

Figure 2. A. Sample picture for mortality assessment during the 

light-ON condition. B. Sample picture for mortality assessment 

during the dark condition. In each case, a dead bee (circled with 

red) can be identified. The bright spot visible in the center of the 

flower (panel A and panel B) corresponds to light from the IR 

LED. C. Picture of the experimental setup for each of the three 

rooms (four BeeBoxes in each). Each control interface drives 

two separate conditioning chambers. 
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The top part of the BeeBox is a swivel cover (20cm * 12cm * 21cm) equipped with a sensor 

camera (PTC08 serial JPEG camera with NTSC video) for mortality measurement. The serial camera 

was driven by an Arduino Uno board improved with a real time clock and a SD card reader (Adafruit 

Data Logging shield for Arduino) and programmed to take a picture each hour and to store it on the 

SD card. The devices were powered with a set of six standard 12V DC power modules that could 

power each two different conditioning chambers. 

To get food, a honey bee had to enter in a vertical hole in the centre of the artificial flower; 

this entrance was detected with an IR Sensor (Figure 1A), which in turn triggered the release of food 

in a smooth and consistent way. These features correspond to the hallmarks of a Skinner box [75,79]: 

a well-defined behaviour (i.e., entrance in the tube) and a resource contingent to the production of 

this behaviour (food syrup, which is the reinforcement in the terminology of Skinner box protocol). 

It is also possible to add stimuli signalling the availability of the resource, such as light: a 16 RGB 

LED ring can be placed under the flower so that it is also possible to colour the flower from below 

and diffuse light into the polyamide disc. This allows to condition the food release to the presence of 

the appropriate visual background, but this was not used in the experiments reported here. Similarly, 

food could have been offered only during specific time [12,17,18], although this possibility was not 

used either in this work. The number of entrances required to release the food, as well as the dispensed 

amount of syrup, can also be controlled. This allows to control the effort required to obtain food; 

here, a single entrance was required. The BeeBox permits to continuously monitor food intake and 

mortality and controls the effort required to obtain food (i.e. the number of entrance) in a standardized 

way with reinforcement schedules, thus avoiding the need of experimenter’s intervention. The 

approximate cost are 250€ for the conditioning chamber, 150€ for the top camera part and 250€ for 

the control interface, which gives a total of 650 €. 

 

2.3 Syrup dispensing 

A major technical problem with delivering small amount of liquid food with a peristaltic pump 

is the pulsation that is characteristic to this kind of pump because they use several rollers pressing a 

silicone tubing. Each time a roller takes off from the tube, reverse pumping occurs, and the pump 

dispenses nothing. Depending on the pump, the “no distribution” phase of the pump can vary until 

30% to 45% of the total rotary cycle. Such problem prevents using this kind of pump to deliver with 

precision small discrete volumes of liquids (less than 1 µl). To solve it, we set a compensatory 

algorithm in the BeeBox controller working with stepper motor pumps. To measure and control the 

dispensed volume, we count the impulsions that are sent to the motor without counting impulsions 

when reverse pumping occurs [80]. Thus, initially the experiment pumps (Figure 1B) were manually 
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set to a reference angular position. The compensation amplitude was then measured empirically and 

depends on the pump and the tube properties. We used six rollers miniature pumps driven by a 200 

steps motor with 0.8mm internal diameter silicone tubing, and a P8X32A microcontroller to drive the 

pump, monitor the angular position and compensate the “no distribution” phase. With one stepper 

motor step, the pumps dispense about 0.25µl [81,82]. However, larger volumes can be obtained with 

the successive activation of the stepper motor. 

Our compensation algorithm paves the way for more applications using inexpensive peristaltic 

pumps to dispense small volumes of liquids and our device could be adapted to other species of nectar 

foraging animals like bumblebees [83], butterflies [84], moths [77,85], ants [86], or hummingbirds 

[87,88]. Moreover, even if the algorithm has been designed to dispense discrete amounts of syrup, 

the repeated activation of the stepper motor activated pump could also control low syrup flow rates 

[89]. 

To increase sample size in our experiment, we used cohorts of bees rather than single 

individuals. Testing individual bees would have generated a very low syrup flow with a risk of 

clogging the dispensing nozzle with dried syrup. Testing individual bees would need additional 

technical options to prevent this. 

 

2.4 Mortality and food intake measurement 

As there are several bees in each box, reporting mortality (or equivalently the remaining living 

bees) is a critical task to get meaningful measures of variations in syrup consumption. For that 

purpose, each conditioning chamber was equipped with an IR camera sensor which automatically 

took pictures each hour (Figure 2) and additional IR light was provided in the rooms with IR LED 

spots for darkness pictures. Mortality was assessed following a posteriori examination of pictures and 

counting of dead bees visible on the conditioning chamber floor (Figure 2). Dead bees were removed 

from the chambers every day, although mortality was assessed hourly. In the dark condition, the 

experimenters used a flashlight covered with a red paper. 

Food intake was assessed by measuring the cumulated volume dispensed by the pump each 

hour and divided it by the number of living bees assessed from the mortality measurement (Figure 

4B, Supplementary Figure S1). Being eusocial insects with a social crop, bees share food through 

trophallaxis; this assures all the animals within a box have approximately the same actual food 

storage. 

 

2.5 Experimental protocol 
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To demonstrate a circadian rhythm, we measured hourly mortality and food consumption as a 

function of background light: constant light, constant dark, and light-dark alternation (the control 

group). The underlying hypothesis was that bees constantly exposed to light would lose the well-

known circadian rhythm in food intake observed in constant dark and light-dark alternation, and 

possibly exhibit higher mortality [15,17,55,90–92]. 

Bees were set by cohorts of 24 or 25 animals in one of three treatments: constant dark (13 

cohorts, 324 bees), constant light (12 cohorts, 299 bees), or control (i.e. 12 h light 12 h dark, light 

starting at 08:00; 12 cohorts, 295 bees). A cohort in the constant light treatment and a cohort in the 

control treatment were not used in the food intake study, so that for this analysis there were 13 cohorts 

in the constant dark treatment, 11 cohorts in the constant light treatment and 11 cohorts in the control. 

Each cohort was kept in a single box and three identical rooms without windows were used to keep 

all the cohorts for each of the three treatments. The treatments were administered in parallel to 

different cohorts for 10 complete days (starting at 0 h; the experiment and the food dispensing 

protocol started immediately after filling of the chambers with bees, but data recording started only 

from midnight). For the dark condition, no artificial light was used and the slot under and around the 

door were carefully masked with cardboard and tape. We also did not use the light in the adjacent 

corridor that could enter the rooms when opening the door. The only source of light was the low 

intensity OLED screens of the chambers and the control units. For that reason, as darkness was not 

absolute, it would be more correct to talk about “very strongly dimmed light”. However, for 

convenience, we will continue to refer to this condition as the “dark” condition. In the light condition, 

the rooms were illuminated with two identical 36W, 4000 K neon tubes. 

In each experimental condition, the same continuous schedule of reinforcement was active, and 

the reinforcer was 2 µl of sucrose solution (50% weight/weight) dispensed following each visit of the 

flower (8 stepper motor impulsions). This small volume has been chosen to prevent accumulation of 

non-consumed syrup inside the flower. The solution was replaced each day. Experiment was done at 

room temperature and the average temperature oscillated between 22.2 and 23.5 °C. 

 

2.6 Data recording and processing 

The data recording and the control of the experimental process was performed by a DNA 

propeller microcontroller board (http://1mgh.com/wiki/Dna) enclosed in a separate case from the 

conditioning chambers. Each control interface was able to drive and record the data from two separate 

chambers. The controller included a color 1.4” 4D System µOLED-128-G2 display (128 pixels * 128 

pixels), a small four buttons keyboard (two per chamber) and a miniature joystick to select the 
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parameters of the experiment like reward amplitude (here, set at 2µl) or a fixed ratio for the 

reinforcement schedule (here, set at one entrance for getting one food delivery); there was no need to 

reprogram the microcontroller from the integrated developing environment [93]. When powered on, 

the controller displayed a menu with all the available options and protocols. When selected, the 

protocol was loaded from the controller SD card, stored inside the memory, and then started to control 

the experiment and record the data. During the experiment, the screen was showing the active 

parameters of the protocol, the number of responses, and the total amount of consumed solution. 

The data were recorded in a text format and each experimental or behavioural events was 

recorded with a date/time information. At the end of an experimental session, the experimenter could 

upload the data toward a PC with a USB wire. A specific software has been written with Lazarus 

(https://www.lazarus-ide.org) to process the raw data, measure mortality from pictures, and get 

response and feeding curves per living bee (Supplementary Figure 1). 

 

2.7 Statistical analysis 

Statistics were computed with R 4.3, setting the alpha risk at 5%. Bee survival durations were 

compared across treatments using a mixed-effects Cox regression [94], using the function coxme in R. 

The cohorts of bees were used as a random factor; as not all cohorts were tested at the same time in the 

year, day length (in minutes, computed from time for dawn and twilight) was used as an additional factor, 

after confirming there was no colinearity between day duration and treatment (permutation ANOVA, p = 

0.451). The final cumulated sucrose consumption of bees was compared across the three groups using an 

ANOVA followed by Scheffe post-hoc test, after taking the logarithm of the data to reach variance 

equality. Again, day length was added as a covariate. Moreover, the daily sugar consumption of bees 

follows a circadian rhythm, requiring a periodic modelling (possibly with a damping along the 

experiment, i.e. a progressive disappearance of the period). Thus, it was described for each group using a 

cyclic non-linear mixed model (package nlme in R). We used the following model: 

𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 = (𝐴 ∗ exp(𝛾𝑡) + 𝐵) ∗ (1 + cos ( 2𝜋
 𝑡 − 𝜙 

𝜏
)) +  (𝑎𝑡 +  𝑏) 

where t is the time (in hours), γ is the damping parameter, τ is the period (expected to be around 24h 

for circadian rhythm) and ϕ is the phase (time of the daily peak consumption); A (size of the daily peak), 

B, a and b are used to adjust the equation and offset the baseline. B, a and b where random factors used 

to take into account measure repetition within a given BeeBox and to offset any cohort effect; they are 

not associated to any testable coefficient. Before modelling, data were smoothed using a moving average 

with a window of 3 hours (i.e. each value at t was replace by the values averaged at t-1, t and t+1). R² is 

not defined for this type of regression. However, we computed a R² between the fitted values and the 

observed data. 
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3. RESULTS 

For all the cohorts, it took few minutes to observe the first bee visiting the flower and receiving 

the syrup. Once the first bee discovered the nectar source, it took even less time for the other bees to 

start responding, and the overall bee responding reach its asymptotic level during the next hours 

(supplementary Figure S1). 

 

3.1 Mortality 

 

Figure 3. A. Kaplan-Meier plot for the survival of the bees as a function of 

time. Each curve corresponds to one of the three treatments, and the shaded 

area around them are their 95% confidence intervals. Numbers in parenthesis 

are the sample size at the beginning of the experiment. ** denotes a significant 

difference in the survival of bees in the three groups (p < 0.010). B. Cumulated 

hourly food intake averaged per living bee. Each curve corresponds to one 

of the three treatments. The shaded area around each curve is the standard error 

of mean. * denotes a significant difference in the total cumulated food intake 

in the constant light and constant dark groups (p < .050).  
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Bees in the control group had a 81.0% survival rate after 10 days (bootstrap-computed 95% 

confidence interval: 76.6%: 85.4%). Keeping bees in constant darkness slightly improved the survival 

rate (87.3%, confidence interval 83.6%: 90.7%), but the difference was not significant (Cox 

regression: p = 0.395, Figure 3A). By contrast, bees kept in constant light had a significantly lower 

survival rate of 67.2% (confidence interval: 61,9% : 72,6%, Cox regression: p = 0.004, Figure 3A). 

Interestingly, day duration significantly decreased survival in the control group (Cox Regression: risk 

was 1.0056, significantly greater than 1, p = 0.004), indicating season modulate survival; bees kept 

in constant darkness were affected the same way (interaction in Cox Regression: p = 0.419). By 

contrast, this effect was compensated for bees kept in constant light (interaction in Cox Regression: 

risk was 0.9926, significantly lower than 1, p = 0.010), suggesting preliminary experience with 

daylight becomes irrelevant when bees are constantly exposed to light. 

 

 

3.2 Food intake 

We observed a greater food intake in animals constantly exposed to light, whereas individuals 

constantly kept in the dark had a lower food intake. The final cumulated food intake differed 

significantly between the three groups (Figure 3B; ANOVA, F2, 29 = 9.598, p = 0.0006), due to a 

difference between the light and the dark group (Scheffe post-hoc test, p = 0.028; for other 

comparisons, p ≥ 0.352). Furthermore, day duration significantly affected food intake (ANOVA, F1, 

29 = 45.378, p < 0.0001); outside day duration increased food intake, indicating seasonal effect. This 

probably reflects indirect preliminary experience of the bees. Importantly, there was no interaction 

between day duration and treatment (ANOVA, F2, 29 = 1.251, p = 0.301), indicating these factors act 

independently. Curves also reveals daily oscillations in cumulated consumption, which suggest an 

ordered variation in feeding patterns that may reflect a circadian rhythm. Thus, the analysis was 

completed by exploring the same data but non-cumulated. 

 

3.3 Feeding patterns 

Animals reared in constant light initially displayed an activity cycle with feeding occurring 

mainly during the initial subjective day period, but this cycle was damped after a few days (Figure 

4A and supplementary Figures S2 and S3). By contrast, control animals (Figure 4B and 

supplementary Figure S2) or animals reared in constant dark (Figure 4C and supplementary Figure 

S2) kept their initial rhythm. Hourly food intake in each group was modelled with the nlme R function; 

details of the model parameters are in Supplementary Table 1. Each of the three models yielded very 

significant R² (control, R² = 0.59; constant darkness, R² = 0.58; constant light, R² = 0.36; p ≈ 0) and 

fitted the data well (dashed red line in Figure 4). This confirms the models were adequately describing 
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the 8400 measures (35 cohorts for 10 days of 24 hours). The light group displayed a damping 

coefficient γ significantly different from 0 (γ = -0.0068 ± 0.0004, p < 0.001) but not the control group 

(γ = -0.0001 ± 0.0002, p = 0.623). The group held in constant darkness did have a modest but 

significant damping, but it was much less important and not evident in Figure 4C (γ = -0.0006 ± 

0.0002, p = 0.009), suggesting the absence of light only has a limited effect on food intake rhythms, 

whereas these are strongly affected by constant light. Consistently, the phases ϕ (peak consumption 

time) in control and constant darkness groups were very close (14.92 ± 0.13h and 14.78 ± 0.12h, 

respectively), as were their periods τ (24.17 ± 0.03h and 24.26 ± 0.02h, respectively). By contrast, as 

expected for the group held in constant light, both phase (15.80 ± 0.17h) and period (25.62 ± 0.07) 

were modified. Finally, consistent with result in Figure 3B, consummation peak (A in the model) was 

higher than control in the group held in constant light (3.07 ± 0.09 versus 1.63 ± 0.14), whereas in 

the constant darkness group it was slightly smaller (1.36 ± 0.07). 
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Figure 4. Hourly food intake averaged per living bee in the three 

conditions: constant light (A), control group (B) and constant dark (C). 
Data are the same as in Figure 4B, but not cumulated. Area in yellow or blue 

indicates periods of light and darkness, respectively. The shaded area around 

each curve is standard error of mean. Dashed red line is the fitted model. The 

time reported is the time elapsed since the onset of the experiment 
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4. DISCUSSION 

Circadian rhythms of food intake in the BeeBox 

In our experiments, we observed that the overall food consumption and mortality were linked 

to the photic environment: both were higher during the constant light condition and lower in constant 

darkness condition. Because we used identical rooms, experimental conditions running in parallel, 

and the same bee selection process, our results cannot be explained by particular bee characteristics 

or differential conditions; the effect of day duration at the time of each experiment was taken into 

account in analyses, allowing to dissociate them from the treatments. In our experiment, we measured 

a daily consumption between 35 and 50 µl per day per bee depending on the experimental condition. 

This level is comparable to the consumption observed with free available syrup dispensed with a 

feeder [98,99] and measured with the daily weighing of the feeder. This fact suggests that our feeding 

protocol (dispensing 2µl of syrup for each single flower visit) is comparable to a free feeding 

condition, i.e. feeding at a little of no cost [74]. 

Rhythmic consumption with a period longer than 24h has been observed and is largely 

maintained in a free run darkness test without environmental cues. To our knowledge, it is the first 

direct measure of circadian rhythms on food consumption in bees. Previous work has already used 

bees visiting feeders [18,45,49,55,56]; however, these studies did not measure food consumption but 

foraging intensity with locomotion or choice tests. As syrup gathered during foraging is not consumed 

directly but discharged and stored in the colony, syrup foraging do not reflect individual nutrition. 

Moreover, these studies limited the daily access to food to a short period of time. As in our protocol 

food was continuously available, we can exclude interpreting our results in terms of learning of time-

dependent availability or as temporal control of behavior. 

The level of consumption in the constant darkness condition demonstrates that even in dark, 

bees did not have problem to find the food source in the BeeBox. As a result, their failure to find the 

flower due to darkness is unlikely to explain differences between conditions. This conclusion is not 

surprising if we consider the relative darkness that is the rule for young bees in natural hives. Animals 

in constant darkness ate less and survived at least as much as control; they were probably less stressed. 

Limited food intake might affect bee longevity; however, while the positive impact of caloric 

restriction has been demonstrated in a lot of species [100], such link is still discussed in drosophila 

[101,102,102] and bees [103–105], for which sometimes opposing conclusions have been reached. 

By contrast, in groups held in constant light the increased food consumption and mortality 

seem to be linked to increased locomotor activity [43–46]. Increased mortality has already been 

observed in constant light in drosophila [106,107]. It is possible that mortality could result directly 

from phototoxic damage: the insects could die from the direct action of light [108], with no relation 
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to rhythms or locomotion. This kind of phenomenon could contribute to the longer life expectancy of 

winter honey bees, which spend several months in the hive. This is also consistent with our 

observation that having preliminary experience with longer day durations also decreases survival (but 

not in the constant light group, were light exposure is saturating anyway); as we worked with young 

bees (which do not leave the hive), this experience might be indirect (i.e. through interactions with 

older, forager bees). The breakdown of the circadian rhythm could also be involved in increased 

mortality, although this is not the case in other insects [106]. Increased death could also occur because 

bees are more active possibly inducing a stress caused by lack of rest [109] or possibly because 

increased eating induces increased oxidative stress. However, our data does not permit to select one 

hypothesis and would require additional physiological investigation, which could be performed using 

the BeeBox. 

We used young bees in our experiments; even in constant darkness young nurse bees display 

circadian rhythms in their locomotor activity, but they do not when they care for the brood in the 

presence of a light/dark cycle [110]. This indicates light has complex effects on rhythmic behaviours; 

what we observed with food intake is in line with their locomotor activity rather than with their brood 

caring, although the model did detect a modest damping. Contrary to drosophila's, hymenoptera's 

genome does not include the Timeless gene [111]. The timeless protein is destroyed by light, resulting 

in clock entraining. By contrast, the absence of this protein in bees prevents light to directly reset the 

clock; in general, in young bees, there is little oscillation of clock genes, even in regular light/dark 

cycle [110]. This would explain why a rhythm in food intake can exist whether or not light is present 

(i.e. in control and constant darkness groups). Excessive light would still alter the rhythm, probably 

due to a phototoxic stress as discussed above. This results in a damping of the rhythm as well as a 

drift of the period and the phase, which our models found to be similar across the treatments. The 

observed damping contrasts with Fuchikawa & Shimizu [112] who did not observed damping in the 

same light condition. However, contrary to our study where bees where exposed to the constant light 

condition during ten days, Fuchikawa & Shimizu exposed bees to light during only five days after 

five days of dark-light alternation. It is difficult to determine whether the damping observed in our 

experiment would have disappeared if the experiment had been preceded by a dark-light alternation 

condition, or if a prolonged exposure to light would have damped Fuchikawa & Shimizu’s cycles. As 

we used Apis mellifera and Fuchikawa & Shimizu worked with Apis cerana, it is also possible that 

different bee species show different rhythms patterns. 

The overall damping effect could result either from a general damping observed in most bees 

or to a loss of synchronization between bees with a variable shift of individual phase. As social contact 

is well known to activate rhythm synchronization between bees [43,50,113], the latter hypothesis is 

unlikely. Because all the experimental conditions were carried at the same time, and all bees from the 
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same colony were randomly affected to these conditions, we cannot explain our results with bee 

characteristics or environmental variations. Bees are known to exchange food through trophallaxis 

[114], so that caged bees do not show a uniform food consumption [115]. Preliminary observations 

we did before the experiment using marked bees also showed that some bees were highly active in 

the flower while others were waiting food transfers. As trophallactic exchanges are common in natural 

colonies, food exchanges in our cages can be seen as reflecting a natural phenomenon observed in 

bees living in groups [116,117]. Thus, our observation of circadian rhythm on food consumption only 

applies at the group level. The free run test performed in the dark suggests some kind of rhythm 

synchronization among active bees. This kind of synchronization is not surprising in social animals 

and has been previously observed in numerous species including bees [50,118–121]. Yet, 

investigating feeding rhythms at the individual level would still be interesting; this kind of protocol 

would require an improved version of the BeeBox. 

Here, we studied how photic-regulated circadian rhythms modulate food intake, but food itself 

could be a rhythm regulator. The BeeBox could also be used to study food anticipatory activities with 

food available only during a short period of time each day, which gives the opportunity to study the 

use of periodic food as a “zeitgeber”. With limited period of food availability initiated at any point of 

the day-night cycle, timing could also be investigated, as well as fixed interval schedules of 

reinforcement (i.e. food is unavailable for some time after feeding) [122]. Finally, a two-flowers 

conditioning chamber would permit to investigate time-place learning, for example, with one flower 

active at one time in the day, and the other one at another time. All these protocols fit perfectly within 

the possibilities of the BeeBox, provided the adequate software is added to the microcontroller board. 

 

Advantages, limitations, and potential uses of the BeeBox 

In addition to making it possible to show circadian feeding patterns, the BeeBox includes 

several features that greatly improve the standard feeding protocol that uses caged bees with free 

access to artificial nectar. First, the particular shape of the sliding cover makes it possible to introduce 

bees without anaesthesia (Figure 1C). As it is known that the anaesthesia done with cold or carbon 

dioxide may affect honey bees [123,124], removing anaesthesia from the protocol is an interesting 

improvement. Second, with our device, mortality is assessed hourly, even during darkness, with 

automatic pictures that do not need the presence of an observer. When mortality is low, sampling rate 

is not critical, but with high and fast mortality following a pesticide treatment, for example, a finer 

resolution for mortality assessment would be useful [125]. Our device offers this possibility, and 

assessment time shorter than 1 hour would be possible too; we can even hypothesize a circadian 

mortality in bee colonies [126]. Third, contrary to the standard bee cage device, our protocol is 100% 

automatized and there is no need to involve the experimenter (except when refilling food reserve). 
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Apart during the introduction of the bees in the chamber, there is also no interaction between the 

experimenter and the bees. Developing automated tools that minimize the role of the experimenter is 

an important step toward the standardization of protocols [127] and the reproducibility of results 

[128]. Finally, with the same device and protocol, it is possible to simultaneously measure mortality, 

food consumption, and circadian rhythms in integrated experiments [44,66]. 

The BeeBox provides many advantages but has some limitations too. Contrary to other studies 

[129,130], our IR sensor detects bee entering flowers rather than proboscis extension [75]. This choice 

has been made to request a substantial energy expense from the bee for each response. Yet, it would 

be possible for some bees to activate syrup dispensing without consuming it (by entering the flower 

without drinking) so that the measure of consumption based on dispensed volumes would give 

overestimated values. To avoid this problem, we dispensed only 2µl drops of syrup. This volume has 

been empirically defined in such a way that it prevented syrup accumulation in the flower during 

successive visits. 

Operant conditioning is a well-known form of learning [131,132] during which the occurrence 

of a behaviour is modulated by its outcome [132,133]. In the BeeBox, the trained response is flower 

or tube entrance while syrup acts as a reinforcer of this response. But as the syrup is given at the 

bottom of the tube, the reinforced response somewhat overlaps the syrup consumption response. 

Moreover, the stimuli associated with the operant response and with the reward are spatially 

combined. In pigeon, this protocol would be similar to reinforce with grain the introduction of the 

head inside the feeder instead of pecking a key [134]; this is also similar to nose poking conditioning 

in rodents [135]. Consequently, our protocol could perhaps result in a mix of sign tracking and goal 

tracking [136], the latter being Pavlovian conditioning rather than operant conditioning. As cues and 

rewards are also simultaneously presented in natural flowers, with which natural selection has 

operated, the question of how the two types of conditioning interact in natural or artificial flowers 

could also be explored with the BeeBox in a cognitive ecology investigation. Many protocols could 

also be envisioned to manipulate the syrup properties (sucrose concentration or composition) in 

simple flower or choice tests [68] to study the feeding strategies or nutrient choice [137,138]. Thus, 

the BeeBox will provide a very useful experimental set-up to perform this type of laboratory study, 

and also probably many others. 

In addition to studies having the goal to understand the basic determinants of bee behaviour 

[139], our BeeBox platform could also be used in numerous applications related to several scientific 

fields. For example, our conditioning chambers could offer an improved alternative to the standard 

bee cage protocol [66,98,140] in the assessment of pesticide toxicity. Our results question the choice 

of conducting such tests only in the dark conditions, as this generates the lowest level of mortality 

and food consumption [140]. This fact may be also problematic in chronic toxicity assessment 
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because in darkness, the bees would consume the smallest dose of the tested pesticide at the end of 

the test. All this suggests that the LD50 (median lethal dose) and/or the LC50 (median lethal 

concentration) may be poorly measured in a number of conditions based on an arbitrary protocol 

choice, leading to inappropriate conclusions about the pesticide toxicity. The repeated and chronic 

consumption of pesticides could be investigated by adding a known concentration of pesticide in the 

syrup tank and running the experiment during a couple of weeks [98]. It would also be easy to define 

a nutritional stress [98], either by limiting reinforcer amplitude, or by increasing the amount of flower 

entrance required to get food (fixed-ratio reinforcement schedule); this would simulate nectar 

depletion of the environment. 

  

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



23 

 

REFERENCES 
 

[1] P. Matile, Circadian rhythmicity of nectar secretion in Hoya carnosa, Botanica Helvetica 116 

(2006) 1–7. https://doi.org/10.1007/s00035-006-0740-4. 

[2] K. Agostini, M. Sazima, L. Galetto, Nectar production dynamics and sugar composition in two 

Mucuna species (Leguminosae, Faboideae) with different specialized pollinators, 

Naturwissenschaften 98 (2011) 933. https://doi.org/10.1007/s00114-011-0844-6. 

[3] S. Antoń, E. Komoń-Janczara, B. Denisow, Floral nectary, nectar production dynamics and 

chemical composition in five nocturnal Oenothera species (Onagraceae) in relation to floral 

visitors, Planta 246 (2017) 1051–1067. https://doi.org/10.1007/s00425-017-2748-y. 

[4] M.C. Cavalcante, L. Galetto, M.M. Maués, A.J.S. Pacheco Filho, I.G.A. Bomfim, B.M. Freitas, 

Nectar production dynamics and daily pattern of pollinator visits in Brazil nut (Bertholletia 

excelsa Bonpl.) plantations in Central Amazon: implications for fruit production, Apidologie 

49 (2018) 505–516. https://doi.org/10.1007/s13592-018-0578-y. 

[5] S. Chabert, C. Sénéchal, A. Fougeroux, J. Pousse, F. Richard, E. Nozières, O. Geist, V. 

Guillemard, S. Leylavergne, C. Malard, A. Benoist, G. Carré, É. Caumes, C. Cenier, A. Treil, 

S. Danflous, B.E. Vaissière, Effect of environmental conditions and genotype on nectar 

secretion in sunflower (Helianthus annuus L.), OCL 27 (2020). 

https://doi.org/10.1051/ocl/2020040. 

[6] A.A. Edge, B.N. van Nest, J.N. Johnson, S.N. Miller, N. Naeger, S.D. Boyd, D. Moore, Diel 

nectar secretion rhythm in squash (Cucurbita pepo) and its relation with pollinator activity, 

Apidologie 43 (2012) 1–16. https://doi.org/10.1007/s13592-011-0087-8. 

[7] L.A. Kenoyer, Environmental influences on nectar secretion, The Botanical Gazette LXIII 

(1917) 249–265. 

[8] M. Nepi, L. Cresti, M. Guarnieri, E. Pacini, Dynamics of Nectar Production and Nectar 

Homeostasis in Male Flowers of Cucurbita pepo L., International Journal of Plant Sciences 

172 (2011) 183–190. https://doi.org/10.1086/657648. 

[9] M.K. Adjaloo, A.A. Ankomah, K. Yeboah-Gyan, B.M. Dzomeku, Nectar production dynamics 

in two melliferous plant species, Genetics and Plant Physiology 5 (2015) 145–161. 

[10] E. Quintana-Rodríguez, A.G. Ramírez-Rodríguez, E. Ramírez-Chávez, J. Molina-Torres, X. 

Camacho-Coronel, J. Esparza-Claudio, M. Heil, D. Orona-Tamayo, Biochemical Traits in the 

Flower Lifetime of a Mexican Mistletoe Parasitizing Mesquite Biomass, Frontiers in Plant 

Science 9 (2018). https://www.frontiersin.org/articles/10.3389/fpls.2018.01031. 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



24 

 

[11] E.M. Silva, B.B. Dean, L. Hiller, Patterns of Floral Nectar Production of Onion (Allium cepa 

L.) and the Effects of Environmental Conditions, Journal of the American Society for 

Horticultural Science Jashs 129 (2004) 299–302. https://doi.org/10.21273/JASHS.129.3.0299. 

[12] M.C. Cavalcante, L. Galetto, M.M. Maués, A.J.S. Pacheco Filho, I.G.A. Bomfim, B.M. Freitas, 

Nectar production dynamics and daily pattern of pollinator visits in Brazil nut (Bertholletia 

excelsa Bonpl.) plantations in Central Amazon: implications for fruit production, Apidologie 

49 (2018) 505–516. https://doi.org/10.1007/s13592-018-0578-y. 

[13] W.G. van Doorn, U. van Meeteren, Flower opening and closure: a review, Journal of 

Experimental Botany 54 (2003) 1801–1812. https://doi.org/10.1093/jxb/erg213. 

[14] C.S. Ballarin, L. Hachuy-Filho, M.J.W. Doria, M.M. Giffu, D.S. Polizello, P.H. Oliveira, P.A. 

Lacerda-Barbosa, F.W. Amorim, Intra-seasonal and daily variations in nectar availability 

affect bee assemblage in a monodominant afforested Brazilian Cerrado, Austral Ecology 47 

(2022) 1315–1328. https://doi.org/10.1111/aec.13218. 

[15] G. Bloch, N. Bar-Shai, Y. Cytter, R. Green, Time is honey: circadian clocks of bees and flowers 

and how their interactions may influence ecological communities, Philosophical Transactions 

of the Royal Society B: Biological Sciences 372 (2017) 20160256. 

https://doi.org/10.1098/rstb.2016.0256. 

[16] S. Yerushalmi, R.M. Green, Evidence for the adaptive significance of circadian rhythms, 

Ecology Letters 12 (2009) 970–981. https://doi.org/10.1111/j.1461-0248.2009.01343.x. 

[17] D. Moore, Honey bee circadian clocks: behavioral control from individual workers to whole-

colony rhythms, Journal of Insect Physiology 47 (2001) 843–857. 

https://doi.org/10.1016/S0022-1910(01)00057-9. 

[18] D. Moore, D. Siegfried, R. Wilson, M.A. Rankin, The Influence of Time of Day on the 

Foraging Behavior of the Honeybee, Apis mellifera, J Biol Rhythms 4 (1989) 305–325. 

https://doi.org/10.1177/074873048900400301. 

[19] P. Agostino, D. Golombek, W. Meck, Unwinding the Molecular Basis of Interval and 

Circadian Timing, Frontiers in Integrative Neuroscience 5 (2011). 

https://www.frontiersin.org/articles/10.3389/fnint.2011.00064. 

[20] T.T. Hills, Toward a unified theory of animal event timing, in: Functional and Neural 

Mechanisms of Interval Timing, CRC Press, Boca Raton, 2003: pp. 83–116. 

[21] M. Richelle, H. Lejeune, eds., Time in animal Behavior, Pergamon, Amsterdam, 1980. 

https://doi.org/10.1016/B978-0-08-025489-0.50003-X. 

[22] Dunlap, Jay C., J.J. Loros, P.J. DeCoursey, Chronobiology: Biological Timekeeping, Sinauer 

Associates, Sunderland, MA, 2004. 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



25 

 

[23] R.G. Foster, L. Kreitzman, Circadian rhythms: A very short introduction, Oxford University 

Press, Oxford, 2017. 

[24] V.G. Bruce, Environmental Entrainment of Circadian Rhythms, Cold Spring Harbor Symposia 

on Quantitative Biology 25 (1960) 29–48. https://doi.org/10.1101/SQB.1960.025.01.005. 

[25] P.V. Agostino, I.L. Bussi, C.S. Caldart, Chapter 1 Circadian Timing: From Genetics to 

Behavior, in: Brill, Leiden, The Netherlands, 2018: pp. 1–31. 

https://doi.org/10.1163/9789004280205_002. 

[26] T. Roenneberg, S. Daan, M. Merrow, The Art of Entrainment, J Biol Rhythms 18 (2003) 183–

194. https://doi.org/10.1177/0748730403018003001. 

[27] J.E.R. Staddon, Interval timing: memory, not a clock, Trends in Cognitive Sciences 9 (2005) 

312–314. https://doi.org/10.1016/j.tics.2005.05.013. 

[28] K. Kirkpatrick, R.M. Church, Tracking of the expected time to reinforcement in temporal 

conditioning procedures, Learning & Behavior 31 (2003) 3–21. 

https://doi.org/10.3758/BF03195967. 

[29] S.J. Hanson, P.R. Killeen, Measurement and modeling of behavior under fixed-interval 

schedules of reinforcement., Journal of Experimental Psychology: Animal Behavior Processes 

7 (1981) 129–139. https://doi.org/10.1037/0097-7403.7.2.129. 

[30] C.R. Gallistel, The organization of learning., The MIT Press, Cambridge,  MA,  US, 1990. 

[31] K. Kirkpatrick, R.M. Church, Stimulus and temporal cues in classical conditioning., Journal of 

Experimental Psychology: Animal Behavior Processes 26 (2000) 206–219. 

https://doi.org/10.1037/0097-7403.26.2.206. 

[32] D.V. Buonomano, The biology of time across different scales, Nature Chemical Biology 3 

(2007) 594–597. https://doi.org/10.1038/nchembio1007-594. 

[33] P.A. Lewis, R.C. Miall, S. Daan, A. Kacelnik, Interval timing in mice does not rely upon the 

circadian pacemaker, Neuroscience Letters 348 (2003) 131–134. 

https://doi.org/10.1016/S0304-3940(03)00521-4. 

[34] D. Shurtleff, T.G. Raslear, L. Simmons, Circadian variations in time perception in rats, 

Physiology & Behavior 47 (1990) 931–939. https://doi.org/10.1016/0031-9384(90)90021-U. 

[35] J.D. Crystal, Long-interval timing is based on a self-sustaining endogenous oscillator, 

Behavioural Processes 72 (2006) 149–160. https://doi.org/10.1016/j.beproc.2006.01.010. 

[36] O. Gonulkirmaz-Cancalar, O. Shertzer, G. Bloch, Bumble Bees (Bombus terrestris) Use Time-

Memory to Associate Reward with Color and Time of Day, Insects 14 (2023). 

https://doi.org/10.3390/insects14080707. 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



26 

 

[37] R.E. Mistlberger, Food-anticipatory circadian rhythms: concepts and methods, European 

Journal of Neuroscience 30 (2009) 1718–1729. https://doi.org/10.1111/j.1460-

9568.2009.06965.x. 

[38] J.D. Crystal, Theoretical and conceptual issues in time–place discrimination, European Journal 

of Neuroscience 30 (2009) 1756–1766. https://doi.org/10.1111/j.1460-9568.2009.06968.x. 

[39] C. Mulder, M. Gerkema, E. Van Der Zee, Circadian clocks and memory: time-place learning, 

Frontiers in Molecular Neuroscience 6 (2013). 

https://www.frontiersin.org/articles/10.3389/fnmol.2013.00008. 

[40] S.H. Deibel, A.B. Lehr, C. Maloney, M.L. Ingram, L.M. Lewis, A.-M.P. Chaulk, P.D. Chaulk, 

D.M. Skinner, C.M. Thorpe, Rats in a levered T-maze task show evidence of time–place 

discriminations in two different measures, Learning & Behavior 45 (2017) 184–190. 

https://doi.org/10.3758/s13420-016-0254-x. 

[41] L.M. Saksida, D.M. Wilkie, Time-of-day discrimination by pigeons, Columba livia, Animal 

Learning & Behavior 22 (1994) 143–154. https://doi.org/10.3758/BF03199914. 

[42] R. Mistlberger, Food as circadian time cue for appetitive behavior, F1000Research 9 (2020). 

https://doi.org/10.12688/f1000research.20829.1. 

[43] K. Beer, I. Steffan-Dewenter, S. Härtel, C. Helfrich-Förster, A new device for monitoring 

individual activity rhythms of honey bees reveals critical effects of the social environment on 

behavior, Journal of Comparative Physiology A 202 (2016) 555–565. 

https://doi.org/10.1007/s00359-016-1103-2. 

[44] M.A. Giannoni-Guzmán, A. Avalos, J.M. Perez, E.J.O. Loperena, M. Kayım, J.A. Medina, 

S.E. Massey, M. Kence, A. Kence, T. Giray, J.L. Agosto-Rivera, Measuring individual 

locomotor rhythms in honey bees, paper wasps and other similar-sized insects, Journal of 

Experimental Biology 217 (2014) 1307–1315. https://doi.org/10.1242/jeb.096180. 

[45] D. Moore, M.A. Rankin, Circadian locomotor rhythms in individual honeybees, Physiological 

Entomology 10 (1985) 191–197. https://doi.org/10.1111/j.1365-3032.1985.tb00034.x. 

[46] D. Moore, M.A. Rankin, Light and temperature entrainment of a locomotor rhythm in 

honeybees, Physiological Entomology 18 (1993) 271–278. https://doi.org/10.1111/j.1365-

3032.1993.tb00599.x. 

[47] I. Shimizu, Y. Kawai, M. Taniguchi, S. Aoki, Circadian Rhythm and cDNA Cloning of the 

Clock Gene period in the Honeybee Apis cerana japonica, Zoological Science 18 (2001) 779–

789. https://doi.org/10.2108/zsj.18.779. 

[48] A. Meshi, G. Bloch, Monitoring Circadian Rhythms of Individual Honey Bees in a Social 

Environment Reveals Social Influences on Postembryonic Ontogeny of Activity Rhythms, J 

Biol Rhythms 22 (2007) 343–355. https://doi.org/10.1177/0748730407301989. 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



27 

 

[49] B. Frisch, J. Aschoff, Circadian rhythms in honeybees: entrainment by feeding cycles, 

Physiological Entomology 12 (1987) 41–49. https://doi.org/10.1111/j.1365-

3032.1987.tb00722.x. 

[50] B. Frisch, N. Koeniger, Social synchronization of the activity rhythms of honeybees within a 

colony, Behavioral Ecology and Sociobiology 35 (1994) 91–98. 

https://doi.org/10.1007/BF00171498. 

[51] R.J. Stelzer, L. Chittka, Bumblebee foraging rhythms under the midnight sun measured with 

radiofrequency identification, BMC Biology 8 (2010) 93. https://doi.org/10.1186/1741-7007-

8-93. 

[52] B. Branchiccela, L. Castelli, M. Corona, S. Díaz-Cetti, C. Invernizzi, G. Martínez de la 

Escalera, Y. Mendoza, E. Santos, C. Silva, P. Zunino, K. Antúnez, Impact of nutritional stress 

on the honeybee colony health, Scientific Reports 9 (2019) 10156. 

https://doi.org/10.1038/s41598-019-46453-9. 

[53] C. Mayack, D. Naug, Energetic stress in the honeybee Apis mellifera from Nosema ceranae 

infection, Journal of Invertebrate Pathology 100 (2009) 185–188. 

https://doi.org/10.1016/j.jip.2008.12.001. 

[54] C. Riva, M.B.C. Sokolowski, J. Normand, J. Sopkova-de Oliveira Santos, M.-P. Halm‐

Lemeille, Effect of oral exposure to the acaricide pirimicarb, a new varroacide candidate, on 

Apis mellifera feeding rate, Pest Management Science 74 (2018) 1790–1797. 

https://doi.org/10.1002/ps.4876. 

[55] M. Pahl, H. Zhu, W. Pix, J. Tautz, S. Zhang, Circadian timed episodic-like memory – a bee 

knows what to do when,and also where, Journal of Experimental Biology 210 (2007) 3559–

3567. https://doi.org/10.1242/jeb.005488. 

[56] S. Zhang, S. Schwarz, M. Pahl, H. Zhu, J. Tautz, Honeybee memory: a honeybee knows what 

to do and when, Journal of Experimental Biology 209 (2006) 4420–4428. 

https://doi.org/10.1242/jeb.02522. 

[57] F. Prohaska, K.H. Joplin, D. Moore, Effects of gender, age, and nutrition on circadian 

locomotor activity rhythms in the flesh fly Sarcophaga crassipalpis, Journal of Insect 

Physiology 107 (2018) 265–275. https://doi.org/10.1016/j.jinsphys.2017.11.007. 

[58] E.S. Keebaugh, J.H. Park, C. Su, R. Yamada, W.W. Ja, Nutrition Influences Caffeine-Mediated 

Sleep Loss in Drosophila, Sleep 40 (2017) zsx146. https://doi.org/10.1093/sleep/zsx146. 

[59] A.C.A. Meireles-Filho, G.B. da S. Rivas, J.S.M. Gesto, R.C. Machado, C. Britto, N.A. de 

Souza, A.A. Peixoto, The biological clock of an hematophagous insect: Locomotor activity 

rhythms, circadian expression and downregulation after a blood meal, FEBS Letters 580 (2006) 

2–8. https://doi.org/10.1016/j.febslet.2005.11.031. 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



28 

 

[60] S.F. Farhadian, M. Suárez-Fariñas, C.E. Cho, M. Pellegrino, L.B. Vosshall, Post-fasting 

olfactory, transcriptional, and feeding responses in Drosophila, Physiology & Behavior 105 

(2012) 544–553. https://doi.org/10.1016/j.physbeh.2011.09.007. 

[61] K. Fujikawa, A. Takahashi, A. Nishimura, M. Itoh, T. Takano-Shimizu, M. Ozaki, 

Characteristics of genes up-regulated and down-regulated after 24 h starvation in the head of 

Drosophila, Gene 446 (2009) 11–17. https://doi.org/10.1016/j.gene.2009.06.017. 

[62] M.C. Tackenberg, M.A. Giannoni-Guzmán, E. Sanchez-Perez, C.A. Doll, J.L. Agosto-Rivera, 

K. Broadie, D. Moore, D.G. McMahon, Neonicotinoids disrupt circadian rhythms and sleep in 

honey bees, Scientific Reports 10 (2020) 17929. https://doi.org/10.1038/s41598-020-72041-3. 

[63] K. Tasman, S.A. Rands, J.J.L. Hodge, The Neonicotinoid Insecticide Imidacloprid Disrupts 

Bumblebee Foraging Rhythms and Sleep, iScience 23 (2020) 101827. 

https://doi.org/10.1016/j.isci.2020.101827. 

[64] S.K. Huang, T. Csaki, V. Doublet, C. Dussaubat, J.D. Evans, A.M. Gajda, A. Gregorc, M.C. 

Hamilton, M. Kamler, A. Lecocq, M.N. Muz, P. Neumann, A. Özkirim, A. Schiesser, A.R. 

Sohr, G. Tanner, C.Ö. Tozkar, G.R. Williams, L. Wu, H. Zheng, Y.P. Chen, Evaluation of 

Cage Designs and Feeding Regimes for Honey Bee (Hymenoptera: Apidae) Laboratory 

Experiments, Journal of Economic Entomology 107 (2014) 54–62. 

https://doi.org/10.1603/EC13213. 

[65] J. Pain, Nouveau modèle de cagettes expérimentales pour le maintien d’abeilles en captivité, 

Les Annales de l’Abeille 9 (1966) 71–76. 

[66] G.R. Williams, C. Alaux, C. Costa, T. Csáki, V. Doublet, D. Eisenhardt, I. Fries, R. Kuhn, D.P. 

McMahon, P. Medrzycki, T.E. Murray, M.E. Natsopoulou, P. Neumann, R. Oliver, R.J. 

Paxton, S.F. Pernal, D. Shutler, G. Tanner, J.J.M. van der Steen, R. Brodschneider, Standard 

methods for maintaining adult Apis mellifera in cages under in vitro laboratory conditions, Null 

52 (2013) 1–36. https://doi.org/10.3896/IBRA.1.52.1.04. 

[67] M. Bertazzini, P. Medrzycki, L. Bortolotti, L. Maistrello, G. Forlani, Amino acid content and 

nectar choice by forager honeybees (Apis mellifera L.), Amino Acids 39 (2010) 315–318. 

https://doi.org/10.1007/s00726-010-0474-x. 

[68] S.C. Kessler, E.J. Tiedeken, K.L. Simcock, S. Derveau, J. Mitchell, S. Softley, A. Radcliffe, 

J.C. Stout, G.A. Wright, Bees prefer foods containing neonicotinoid pesticides, Nature 521 

(2015) 74–76. https://doi.org/10.1038/nature14414. 

[69] C. Ma, S. Kessler, A. Simpson, G. Wright, A Novel Behavioral Assay to Investigate Gustatory 

Responses of Individual, Freely-moving Bumble Bees (Bombus terrestris), JoVE (2016) 

e54233. https://doi.org/10.3791/54233. 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



29 

 

[70] M.A. Ali, A.V. Kravitz, Challenges in quantifying food intake in rodents, Brain Research 1693 

(2018) 188–191. https://doi.org/10.1016/j.brainres.2018.02.040. 

[71] S. Balagura, D.V. Coscina, Periodicity of food intake in the rat as measured by an operant 

response, Physiology & Behavior 3 (1968) 641–643. https://doi.org/10.1016/0031-

9384(68)90127-3. 

[72] I.J.H. Duncan, A.R. Horne, B.O. Hughes, D.G.M. Wood-Gush, The pattern of food intake in 

female Brown Leghorn fowls as recorded in a Skinner box, Animal Behaviour 18 (1970) 245–

255. https://doi.org/10.1016/S0003-3472(70)80034-3. 

[73] A.M. Rosenwasser, Z. Boulos, M. Terman, Circadian organization of food intake and meal 

patterns in the rat, Physiology & Behavior 27 (1981) 33–39. https://doi.org/10.1016/0031-

9384(81)90296-1. 

[74] G. Collier, E. Hirsch, P.H. Hamlin, The ecological determinants of reinforcement in the rat, 

Physiology & Behavior 9 (1972) 705–716. https://doi.org/10.1016/0031-9384(72)90038-8. 

[75] M.B.C. Sokolowski, C.I. Abramson, From foraging to operant conditioning: A new computer-

controlled Skinner box to study free-flying nectar gathering behavior in bees, Journal of 

Neuroscience Methods 188 (2010) 235–242. https://doi.org/10.1016/j.jneumeth.2010.02.013. 

[76] M.B.C. Sokolowski, G. Disma, C.I. Abramson, A Paradigm for Operant Conditioning in Blow 

Flies (phormia Terrae Novae Robineau-Desvoidy, 1830), Journal of the Experimental Analysis 

of Behavior 93 (2010) 81–89. https://doi.org/10.1901/jeab.2010.93-81. 

[77] E. Force, M.B.C. Sokolowski, C. Suray, S. Debernard, A. Chatterjee, M. Dacher, Regulation 

of feeding dynamics by the circadian clock, light and sex in an adult nocturnal insect, Frontiers 

in Physiology 14 (2024). 

https://www.frontiersin.org/journals/physiology/articles/10.3389/fphys.2023.1304626. 

[78] G. Bloch, The Social Clock of the Honeybee, J Biol Rhythms 25 (2010) 307–317. 

https://doi.org/10.1177/0748730410380149. 

[79] Y. Winter, A.T.U. Schaefers, A sorting system with automated gates permits individual operant 

experiments with mice from a social home cage, Journal of Neuroscience Methods 196 (2011) 

276–280. https://doi.org/10.1016/j.jneumeth.2011.01.017. 

[80] M.B.C. Sokolowski, Method of delivering a dose implemented with the aid of a peristaltic 

pump, WO2018078059, 2018. 

https://patentscope.wipo.int/search/en/detail.jsf?docId=WO2018078059 (accessed May 17, 

2023). 

[81] D. Goulson, J.C. Stout, S.A. Hawson, J.A. Allen, Floral display size in comfrey, Symphytum 

officinale L. (Boraginaceae): relationships with visitation by three bumblebee species  and 

subsequent seed set, Oecologia 113 (1998) 502–508. https://doi.org/10.1007/s004420050402. 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



30 

 

[82] E.F. Power, D. Stabler, A.M. Borland, J. Barnes, G.A. Wright, Analysis of nectar from low-

volume flowers: A comparison of collection methods for free amino acids, Methods in Ecology 

and Evolution 9 (2018) 734–743. https://doi.org/10.1111/2041-210X.12928. 

[83] K. Ohashi, J.D. Thomson, D. D’Souza, Trapline foraging by bumble bees: IV. Optimization of 

route geometry in the absence of competition, Behavioral Ecology 18 (2007) 1–11. 

https://doi.org/10.1093/beheco/arl053. 

[84] R.J. Gegear, Exploring the Role of Cognition in the Annual Fall Migration of the Monarch 

Butterfly (Danaus plexippus), Insects 12 (2021). https://doi.org/10.3390/insects12080760. 

[85] T. Deora, M.A. Ahmed, T.L. Daniel, B.W. Brunton, Tactile active sensing in an insect plant 

pollinator, Journal of Experimental Biology 224 (2021) jeb239442. 

https://doi.org/10.1242/jeb.239442. 

[86] P.E. Schilman, F. Roces, Foraging energetics of a nectar-feeding ant: metabolic expenditure as 

a function of food-source profitability, Journal of Experimental Biology 209 (2006) 4091–

4101. https://doi.org/10.1242/jeb.02478. 

[87] M.C. Stoddard, H.N. Eyster, B.G. Hogan, D.H. Morris, E.R. Soucy, D.W. Inouye, Wild 

hummingbirds discriminate nonspectral colors, Proceedings of the National Academy of 

Sciences 117 (2020) 15112–15122. https://doi.org/10.1073/pnas.1919377117. 

[88] D.T. Rankin, C.J. Clark, E.E. Wilson Rankin, Hummingbirds use taste and touch to 

discriminate against nectar resources that contain Argentine ants, Behavioral Ecology and 

Sociobiology 72 (2018) 44. https://doi.org/10.1007/s00265-018-2456-z. 

[89] J.A. Núñez, Honeybee Foraging Strategies at a Food Source in Relation to its Distance from 

the Hive and the Rate of Sugar Flow, Journal of Apicultural Research 21 (1982) 139–150. 

https://doi.org/10.1080/00218839.1982.11100531. 

[90] K. Beer, C. Helfrich-Förster, Model and Non-model Insects in Chronobiology, Frontiers in 

Behavioral Neuroscience 14 (2020). 

https://www.frontiersin.org/articles/10.3389/fnbeh.2020.601676. 

[91] M. Lehmann, D. Gustav, C.G. Galizia, The early bee catches the flower - circadian rhythmicity 

influences learning performance in honey bees, Apis mellifera, Behavioral Ecology and 

Sociobiology 65 (2011) 205–215. https://doi.org/10.1007/s00265-010-1026-9. 

[92] T.L. Page, Circadian regulation of learning and memory, Current Opinion in Insect Science 7 

(2015) 87–91. https://doi.org/10.1016/j.cois.2014.12.001. 

[93] C.A. Varnon, C.I. Abramson, The Propeller Experiment Controller: low-cost automation 

forclassroom experiments in learning and behavior, Innovative Teaching 2 (2013). 

[94] D.F. Moore, Applied survival analysis using R, Springer, Cham, 2016. 

[95] C. Ritz, J.C. Streibig, Non linear regression with R, Springer, New York, 2008. 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



31 

 

[96] H. De Los Santos, E.J. Collins, C. Mann, A.W. Sagan, M.S. Jankowski, K.P. Bennett, J.M. 

Hurley, ECHO: an application for detection and analysis of oscillators identifies metabolic 

regulation on genome-wide circadian output, Bioinformatics 36 (2020) 773–781. 

https://doi.org/10.1093/bioinformatics/btz617. 

[97] T. Zielinski, A.M. Moore, E. Troup, K.J. Halliday, A.J. Millar, Strengths and Limitations of 

Period Estimation Methods for Circadian Data, PLOS ONE 9 (2014) e96462. 

https://doi.org/10.1371/journal.pone.0096462. 

[98] S. Tosi, J.C. Nieh, A. Brandt, M. Colli, J. Fourrier, H. Giffard, J. Hernández-López, V. 

Malagnini, G.R. Williams, N. Simon-Delso, Long-term field-realistic exposure to a next-

generation pesticide, flupyradifurone, impairs honey bee behaviour and survival, 

Communications Biology 4 (2021) 805. https://doi.org/10.1038/s42003-021-02336-2. 

[99] W.G. Meikle, J.J. Adamczyk, M. Weiss, A. Gregorc, D.R. Johnson, S.D. Stewart, J. Zawislak, 

M.J. Carroll, G.M. Lorenz, Sublethal Effects of Imidacloprid on Honey Bee Colony Growth 

and Activity at Three Sites in the U.S., PLOS ONE 11 (2016) e0168603. 

https://doi.org/10.1371/journal.pone.0168603. 

[100] L.K. Heilbronn, E. Ravussin, Calorie restriction and aging: review of the literature and 

implications for studies in humans, The American Journal of Clinical Nutrition 78 (2003) 361–

369. https://doi.org/10.1093/ajcn/78.3.361. 

[101] K.D. Bruce, S. Hoxha, G.B. Carvalho, R. Yamada, H.-D. Wang, P. Karayan, S. He, T. 

Brummel, P. Kapahi, W.W. Ja, High carbohydrate–low protein consumption maximizes 

Drosophila lifespan, Experimental Gerontology 48 (2013) 1129–1135. 

https://doi.org/10.1016/j.exger.2013.02.003. 

[102] L. Partridge, M.D.W. Piper, W. Mair, Dietary restriction in Drosophila, Mechanisms of Ageing 

and Development 126 (2005) 938–950. https://doi.org/10.1016/j.mad.2005.03.023. 

[103] S.Z. Altaye, C.W.W. Pirk, R.M. Crewe, S.W. Nicolson, Convergence of carbohydrate-biased 

intake targets in caged worker honeybees fed different protein sources, Journal of Experimental 

Biology 213 (2010) 3311–3318. https://doi.org/10.1242/jeb.046953. 

[104] B. Rascón, B.P. Hubbard, D.A. Sinclair, G.V. Amdam, The lifespan extension effects of 

resveratrol are conserved in the honey bee and may be driven by a mechanism related to caloric 

restriction, Aging 4 (2012) 499–508. 

[105] S. Tosi, J.C. Nieh, F. Sgolastra, R. Cabbri, P. Medrzycki, Neonicotinoid pesticides and 

nutritional stress synergistically reduce survival in honey bees, Proceedings of the Royal 

Society B: Biological Sciences 284 (2017) 20171711. https://doi.org/10.1098/rspb.2017.1711. 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



32 

 

[106] J.C. Johnson, A.S. Munneke, H.M. Richardson, C.M. Gendron, S.D. Pletcher, Light modulates 

Drosophila lifespan via perceptual systems independent of circadian rhythms, Aging 15 (2023) 

396–420. 

[107] V. Sheeba, V.K. Sharma, K. Shubha, M.K. Chandrashekaran, A. Joshi, The Effect of Different 

Light Regimes on Adult Lifespan in Drosophila melanogaster Is Partly Mediated through 

Reproductive Output, J Biol Rhythms 15 (2000) 380–392. 

https://doi.org/10.1177/074873000129001477. 

[108] M. Hori, K. Shibuya, M. Sato, Y. Saito, Lethal effects of short-wavelength visible light on 

insects, Scientific Reports 4 (2014) 7383. https://doi.org/10.1038/srep07383. 

[109] W. Kaiser, Busy bees need rest, too, Journal of Comparative Physiology A 163 (1988) 565–

584. https://doi.org/10.1007/BF00603841. 

[110] Y. Shemesh, M. Cohen, G. Bloch, Natural plasticity in circadian rhythms is mediated by 

reorganization in the molecular clockwork in honeybees, The FASEB Journal 21 (2007) 2304–

2311. https://doi.org/10.1096/fj.06-8032com. 

[111] E.B. Rubin, Y. Shemesh, M. Cohen, S. Elgavish, H.M. Robertson, G. Bloch, Molecular and 

phylogenetic analyses reveal mammalian-like clockwork in the honey bee (Apis mellifera) and 

shed new light on the molecular evolution of the circadian clock, Genome Research 16 (2006) 

1352–1365. https://doi.org/10.1101/gr.5094806. 

[112] T. Fuchikawa, I. Shimizu, Circadian rhythm of locomotor activity in the Japanese honeybee, 

Apis cerana japonica, Physiological Entomology 32 (2007) 73–80. 

https://doi.org/10.1111/j.1365-3032.2006.00543.x. 

[113] T. Fuchikawa, A. Eban-Rothschild, M. Nagari, Y. Shemesh, G. Bloch, Potent social 

synchronization can override photic entrainment of circadian rhythms, Nature 

Communications 7 (2016) 11662. https://doi.org/10.1038/ncomms11662. 

[114] K. Crailsheim, Trophallactic interactions in the adult honeybee (Apis mellifera L.), Apidologie 

29 (1998) 97–112. https://doi.org/10.1051/apido:19980106. 

[115] R. Brodschneider, A. Libor, V. Kupelwieser, K. Crailsheim, Food consumption and food 

exchange of caged honey bees using a radioactive labelled sugar solution, PLOS ONE 12 

(2017) e0174684. https://doi.org/10.1371/journal.pone.0174684. 

[116] R.F.A. Moritz, E.E. Southwick, Physiology, in: R.F.A. Moritz, E.E. Southwick (Eds.), Bees as 

Superorganisms: An Evolutionary Reality, Springer Berlin Heidelberg, Berlin, Heidelberg, 

1992: pp. 57–109. https://doi.org/10.1007/978-3-642-84666-3_3. 

[117] T.D. Seeley, The honey bee colony as a superorganism, American Scientist 77 (1989) 546–

553. 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



33 

 

[118] A. Castillo-Ruiz, M.J. Paul, W.J. Schwartz, Chapter 16 - In search of a temporal niche: Social 

interactions, in: A. Kalsbeek, M. Merrow, T. Roenneberg, R.G. Foster (Eds.), Progress in Brain 

Research, Elsevier, 2012: pp. 267–280. https://doi.org/10.1016/B978-0-444-59427-3.00016-2. 

[119] M.J. Paul, P. Indic, W.J. Schwartz, Social synchronization of circadian rhythmicity in female 

mice depends on the number of cohabiting animals, Biology Letters 11 (2015) 20150204. 

https://doi.org/10.1098/rsbl.2015.0204. 

[120] O. Siehler, S. Wang, G. Bloch, Social synchronization of circadian rhythms with a focus on 

honeybees, Philosophical Transactions of the Royal Society B: Biological Sciences 376 (2021) 

20200342. https://doi.org/10.1098/rstb.2020.0342. 

[121] E.E. Southwick, R.F.A. Moritz, Social synchronization of circadian rhythms of metabolism in 

honeybees (Apis mellifera), Physiological Entomology 12 (1987) 209–212. 

https://doi.org/10.1111/j.1365-3032.1987.tb00743.x. 

[122] D.P.A. Craig, C.A. Varnon, M.B.C. Sokolowski, H. Wells, C.I. Abramson, An Assessment of 

Fixed Interval Timing in Free-Flying Honey Bees (Apis mellifera ligustica): An Analysis of 

Individual Performance, PLOS ONE 9 (2014) e101262. 

https://doi.org/10.1371/journal.pone.0101262. 

[123] E.H. Frost, D. Shutler, N.K. Hillier, Effects of cold immobilization and recovery period on 

honeybee learning, memory, and responsiveness to sucrose, Journal of Insect Physiology 57 

(2011) 1385–1390. https://doi.org/10.1016/j.jinsphys.2011.07.001. 

[124] R.C.R. Tustain, J. Faulke, Effect of carbon dioxide anaesthesia on the longevity of honey bees 

in the laboratory, Null 7 (1979) 327–329. https://doi.org/10.1080/03015521.1979.10429094. 

[125] E.A. Straw, E.N. Carpentier, M.J.F. Brown, Roundup causes high levels of mortality following 

contact exposure in bumble bees, Journal of Applied Ecology 58 (2021) 1167–1176. 

https://doi.org/10.1111/1365-2664.13867. 

[126] C. Savopoulos, A. Ziakas, A. Hatzitolios, C. Delivoria, A. Kounanis, S. Mylonas, M. Tsougas, 

D. Psaroulis, Circadian Rhythm in Sudden Cardiac Death: A Retrospective Study of 2,665 

Cases, Angiology 57 (2006) 197–204. https://doi.org/10.1177/000331970605700210. 

[127] S.M. Bernhard, J. Lee, M. Zhu, A. Hsu, A. Erskine, S.A. Hires, A.L. Barth, An automated 

homecage system for multiwhisker detection and discrimination learning in mice, PLOS ONE 

15 (2020) e0232916. https://doi.org/10.1371/journal.pone.0232916. 

[128] A.T. Schaefer, A. Claridge-Chang, The surveillance state of behavioral automation, Current 

Opinion in Neurobiology 22 (2012) 170–176. https://doi.org/10.1016/j.conb.2011.11.004. 

[129] A. Fülöp, R. Menzel, Risk-indifferent foraging behaviour in honeybees, Animal Behaviour 60 

(2000) 657–666. https://doi.org/10.1006/anbe.2000.1492. 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



34 

 

[130] M.J. Boisvert, D.F. Sherry, Interval Timing by an Invertebrate, the Bumble Bee Bombus 

impatiens, Current Biology 16 (2006) 1636–1640. https://doi.org/10.1016/j.cub.2006.06.064. 

[131] J. De Houwer, D. Barnes-Holmes, A. Moors, What is learning? On the nature and merits of a 

functional definition of learning, Psychonomic Bulletin & Review 20 (2013) 631–642. 

https://doi.org/10.3758/s13423-013-0386-3. 

[132] J.E.R. Staddon, D.T. Cerutti, Operant conditioning., Annual Review of Psychology 54 (2003) 

115–144. https://doi.org/10.1146/annurev.psych.54.101601.145124. 

[133] C.I. Abramson, A Primer of Invertebrate Learning: The Behavioral Perspective, American 

Psychological Association, Washington, 1994. 

[134] R. González-Torres, J. Flores, V. Orduña, Suboptimal choice by pigeons is eliminated when 

key-pecking behavior is replaced by treadle-pressing, Behavioural Processes 178 (2020) 

104157. https://doi.org/10.1016/j.beproc.2020.104157. 

[135] V. Bassareo, F. Cucca, R. Frau, G. Di Chiara, Monitoring dopamine transmission in the rat 

nucleus accumbens shell and core during acquisition of nose-poking for sucrose, Behavioural 

Brain Research 287 (2015) 200–206. https://doi.org/10.1016/j.bbr.2015.03.056. 

[136] T.E. Robinson, S.B. Flagel, Dissociating the Predictive and Incentive Motivational Properties 

of Reward-Related Cues Through the Study of Individual Differences, Biological Psychiatry 

65 (2009) 869–873. https://doi.org/10.1016/j.biopsych.2008.09.006. 

[137] S.J. Simpson, D. Raubenheimer, The nature of nutrition: A unifying framework from animal 

adaptation to human obesity, Princeton University Press, Princeton, 2012. 

[138] P.P. Paoli, D. Donley, D. Stabler, A. Saseendranath, S.W. Nicolson, S.J. Simpson, G.A. 

Wright, Nutritional balance of essential amino acids and carbohydrates of the adult worker 

honeybee depends on age, Amino Acids 46 (2014) 1449–1458. 

https://doi.org/10.1007/s00726-014-1706-2. 

[139] C.I. Abramson, C.W. Dinges, H. Wells, Operant Conditioning in Honey Bees (Apis mellifera 

L.): The Cap Pushing Response, PLOS ONE 11 (2016) e0162347. 

https://doi.org/10.1371/journal.pone.0162347. 

[140] OCDE, Test No. 245: Honey Bee (Apis Mellifera L.), Chronic Oral Toxicity Test (10-Day 

Feeding), (2017). https://doi.org/10.1787/9789264284081-en. 

 

  

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



35 

 

 

  

 

Supplementary Figure S1. Two samples (left and right) of cumulative curves for 

two groups of bees. Each level corresponds to 24h of experiment. The vertical axis 

shows cumulative responses with a reset each time the response number exceeds the 

vertical amplitude axis. These curves are directly drawn by the data analysis software 

during the experiment. 
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Supplementary Figure S2. Average actogram for all the conditions and bees of the 

experiment. The time reported is the time elapsed since the onset of the experiment. Gray 

areas show darkness intervals. Similar to figure 3, we can see rhythmic consumption with a 

maximum during the light period for the control (D-L cycle) and the always dark (D-D cycle) 

conditions. Damping of oscillations is detectable in the always light condition (L-L cycle). 
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Supplementary Figure S3. Single cohort data in the L-L condition. For comparison, the 

average data is also shown on each graphic. The vertical lines are separations between successive days. 
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Supplementary Table 1 

 
 Estimated values p-value 

γ (damping) for control -0.0001 ± 0.0002  0.623 

γ for constant dark -0.0006 ± 0.0002 0.009 

γ for constant light -0.0068 ± 0.0004 < 0.001 

   

A (peak amplitude, in µl) for control 1.63 ± 0.14  < 0.001 

A for constant dark 1.36 ± 0.07 < 0.001 

A for constant light 3.07 ± 0.09 < 0.001 

   

ϕ (phase, in hour) for control 14.92 ± 0.13  < 0.001 

ϕ for constant dark 14.78 ± 0.12 < 0.001 

ϕ for constant light 15.80 ± 0.17 < 0.001 

   

τ (period, in hour) for control 24.17 ± 0.03  < 0.001 

τ for constant dark 24.26 ± 0.02 < 0.001 

τ for constant light 25.62 ± 0.07 < 0.001 

 

The p-value test the null hypothesis that the coefficient is equal to zero. 

Values are provided with their standard error. 
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